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Persistent luminescence materials can store energy from solar radiation or artificial lighting and 
release it over a period of several hours without a continuous excitation source. These materials are 
widely used to improve human safety in emergency and traffic signalization. They can also be utilized 
in novel applications including solar cells, medical diagnostics, radiation detectors and structural 
damage sensors. The development of these materials is currently based on methods based on trial 
and error. The tailoring of new materials is also hindered by the lack of knowledge on the role of their 
intrinsic and extrinsic lattice defects in the appropriate mechanisms. The goal of this work was to 
clarify the persistent luminescence mechanisms by combining ab initio density functional theory 
(DFT) calculations with selected experimental methods. The DFT approach enables a full control of 
both the nature of the defects and their locations in the host lattice. The materials studied in the 
present work, the distrontium magnesium disilicate (Sr2MgSi2O7) and strontium aluminate (SrAl2O4) 
are among the most efficient persistent luminescence hosts when doped with divalent europium Eu2+ 
and co-doped with trivalent rare earth ions R3+ (R: Y, La-Nd, Sm, Gd-Lu).  
The polycrystalline materials were prepared with the solid state method and their structural and 
phase purity was confirmed by X-ray powder diffraction. Their local crystal structure was studied by 
high-resolution transmission electron microscopy. The crystal and electronic structure of the non-
doped as well as Eu2+, R2+/3+ and other defect containing materials were studied using DFT 
calculations. The experimental trap depths were obtained using thermoluminescence (TL) 
spectroscopy. The emission and excitation of Sr2MgSi2O7:Eu2+,Dy3+ were also studied. 
Significant modifications in the local crystal structure due to the Eu2+ ion and lattice defects were 
found by the experimental and DFT methods. The charge compensation effects induced by the R3+ 
co-doping further increased the number of defects and distortions in the host lattice. As for the 
electronic structure of Sr2MgSi2O7 and SrAl2O4, the experimental band gap energy of the host 
materials was well reproduced by the calculations. The DFT calculated Eu2+ and R2+/3+ 4fn as well as 
4fn-15d1 ground states in the Sr2MgSi2O7 band structure provide an independent verification for an 
empirical model which is constructed using rather sparse experimental data for the R3+ and especially 
the R2+ ions. The intrinsic and defect induced electron traps were found to act together as energy 
storage sites contributing to the materials’ efficient persistent luminescence. The calculated trap 
energy range agreed with the trap structure of Sr2MgSi2O7 obtained using TL measurements. More 
experimental studies should be carried out for SrAl2O4 to compare with the DFT calculations. The 
calculated and experimental results show that the electron traps created by both the rare earth ions 
and vacancies are modified due to the defect aggregation and charge compensation effects. The 
relationships between this modification and the energy storage properties of the solid state materials 
are discussed. 
 
Keywords: strontium magnesium disilicate, strontium aluminate, europium, rare earth, lattice defect, 
persistent luminescence, density functional theory calculations 
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AB Atom A in atom B site 
Ai Interstitial atom A 
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ASW Augmented spherical wave 
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B3LYP Becke three-parameter Lee-Yang-Parr functional 
B3PW Becke three-parameter Perdew-Wang functional 
BLYP Becke-Lee-Yang-Parr functional 
BP Becke-Perdew functional 
c Unit cell parameter / Å 
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F, F+ Color centre 
DFPT Density functional perturbation theory 
DFT Density functional theory 
DFTB Density functional based tight binding approach 
DOS Density of states 
•
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2+ site, single positive net charge 
EECE Exact exchange of correlated electrons 
E Energy / eV 
Eg Energy of band gap / eV 
x
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2+ site, zero net charge 
em Emission 
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GGA Generalized gradient approximation 
h+ Hole 
HF Hartree-Fock method 
HKS Kohn-Sham Hamiltonian 
I Intensity 
INS Inelastic neutron scattering 
IR Infrared 
J Magnetic coupling constant, exchange parameter / eV 
LAPW Linearized augmented plane wave 
LCAO Linear combination of atomic orbitals 
L(S)DA Local (spin) density approximation 
LMTO Linear muffin-tin orbital 
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OSL Optically stimulated luminescence 
''
iO  Interstitial oxygen, double negative net charge 
 
PAW Projector augmented wave 
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R Rare earth 
Ref. Reference 
RT Room temperature 
x
SrR  Divalent rare earth in Sr
2+ site, zero net charge 
•
SrR  Trivalent rare earth in Sr
2+ site, single positive net charge 
SR Synchrotron radiation 
Ts Kinetic energy of the non-interacting particles / eV 
TD-DFT Time-dependent density functional theory 
TEM Transmission electron microscopy 
TL Thermoluminescence 
TSL Thermally stimulated luminescence 
U Coulomb repulsion strength, Hubbard parameter / eV 
UV Ultraviolet 
V Potential energy / eV 
VB Valence band 
vis Visible 
VUV Vacuum ultraviolet 
VA A atom vacancy 
'''
AlV  Aluminium vacancy, triple negative net charge 
''
MgV  Magnesium vacancy, double negative net charge 
••
OV  Oxygen vacancy, double positive net charge 
''''
SiV  Silicon vacancy, quadruple negative net charge 
''
SrV  Strontium vacancy, double negative net charge 
XPD X-ray powder diffraction 
Z Number of formula units per unit cell 
Z Point at the Brillouin zone boundary 
β Lattice parameter / Degrees 
Γ Origin of the Brillouin zone 
εi Energy of single particle / eV 
λ Wavelength / nm 
μxc Local exchange-correlation energy density function 
ρ Ground state electron density 
φi Mathematical single particle wave function 
∇ 2 Laplace operator 
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1. INTRODUCTION 
A luminescent material emits electromagnetic radiation usually in the visible range, though 
emission of ultraviolet (UV) or infrared (IR) radiation may also be observed [1]. Luminescence is due 
to excitation of the system to a higher energy state characteristic to the material. This is followed by a 
radiative transition to a lower state. The luminescent solid materials (phosphors) usually consist of an 
inorganic host material which is activated by introducing e.g. rare earth ions as dopants in the host 
lattice [2]. The rare earths (R) include the elements from La (Z: 57) to Lu (71) which are also called 
lanthanides as well as the elements Sc (21) and Y (39). The efficient shielding of the 4fn (n: 1-14) 
electrons by the 5s2 and 5p6 electrons results in similar chemical properties of the lanthanides with a 
few exceptions. They show characteristic intraconfigurational 4f luminescence which is almost 
independent of the selected host lattice since their absorption and emission energies are only weakly 
affected by the external electric fields. The lanthanide ions are usually employed in the trivalent form 
as activators in the luminescent materials; however the divalent Sm2+, Yb2+ and – most notably – 
Eu2+ ions are commonly used activators, as well. 
High purity of the conventional phosphors is required since the luminescent efficiency of the rare 
earth ions is usually drastically lowered when impurities and defects are present in the host lattice [3]. 
However, the excitation energy may be stored in the material with the introduction of lattice defects 
which can act as energy storing traps. The energy storage is exploited by two main applications: 
optically stimulated luminescence (OSL) and thermally stimulated luminescence (TSL) or, more 
commonly, photostimulated and persistent luminescence materials, respectively.  
The persistent luminescence phenomenon commences with the storage of the excitation energy 
from natural or artificial lighting which is followed by its gradual release induced by the thermal 
energy available at a specific – usually room – temperature (RT). Long-lasting continuous 
luminescence can thus be obtained after the removal of the excitation source. Persistent 
luminescence is an unwanted afterglow phenomenon in phosphors used as e.g. scintillators and in 
the plasma display panels. However, the persistent luminescence materials are widely used in e.g. 
self-lit signalization and they can also be applied to fluorescent tubes for emergency lighting. These 
materials show potential in radiation detection [4] and medical diagnostics [5], as well. 
The most efficient persistent luminescent materials include the alkaline earth aluminates and 
magnesium disilicates doped with Eu2+ and co-doped with other rare earth ions, 
CaAl2O4:Eu2+,Nd3+ [6], SrAl2O4:Eu2+,Dy3+ [6-8], Sr4Al14O25:Eu2+,Dy3+ [9] and 
Sr2MgSi2O7:Eu2+,Dy3+ [10-12]. The best materials emit in visible even in excess of 24 h in the dark. 
The luminescence properties of the aluminates (especially MAl2O4) degrade when exposed to water 
and hence their replacement with the more stable disilicate based materials as e.g. pigments in 
luminous paints has been considered.  
Several persistent luminescence mechanisms describing the energy storage and release 
processes have been suggested. However, the earliest ones were deficient in many ways since they 
failed to correctly account for the energetics, kinetics and the role of the lattice defects [e.g. 6,8,11]. 
In addition, they could not explain the persistent luminescence observed from the Eu2+ doped 
materials without the R3+ co-doping [13]. The most recent mechanisms [14] account for all of the 
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details mentioned above, though the exact role of the co-doping R3+ ions as well as that of the other 
defects remains uncertain.  
The energy storage properties are simultaneously affected by several energy level systems: the 
structure of the valence (VB) and conduction band (CB) including the energy gap between them, the 
4fn ground and 4fn-15d1 state energies of the R2+ and R3+ ions – including the Eu2+ luminescent centre 
– as well as the energies of the other lattice defects. The systematic tailoring of the defect chemistry 
to obtain the desired energy storage and emission properties will only be possible when the details of 
the different energy schemes as well as the interplay between them are known. 
The R2+/3+ 4fn and 4fn-15d1 ground state energies in the host’s band structure can be estimated 
using an empirical model [e.g. 14-17]. However, this model is constructed using experimental 
spectroscopic data usually consisting of wide bands and thus the exact energies are difficult to 
obtain. In addition, experimental data does not exist for all R3+ ions and it exists only for a very 
few R2+. Finally, this model does not take into account e.g. the charge compensation induced by the 
doping or electronic relaxation effects. Theoretical calculations and their comparison with the 
experimental results are thus an attractive alternative to solve the exact R2+/3+ energies since their 
experimental confirmation is very difficult or impossible. 
The intrinsic defects in the Sr2MgSi2O7 and SrAl2O4 persistent luminescence host materials include 
e.g. the strontium ( ''SrV  with a double negative net charge as indicated by the Kröger-Vink notation) 
and oxygen vacancies ( ••OV  with a double positive net charge) as well as the interstitials and 
dislocations (Fig. 1). ''SrV  and 
••
OV  can be created due to the evaporation of SrO during the high 
temperature solid state reaction frequently necessary for the enhanced performance of the material. 
Cation vacancies also exist in the materials as a result of charge compensation when the R3+ ion 
replaces the Sr2+ host cation ( •SrR ). Oxygen vacancies may be created in the lattice due to the 
reducing preparation conditions, as well. A high number of the energy storing traps which can be 
bleached in the ambient conditions is required to obtain the long duration of the persistent 
luminescence. Defect aggregates are also expected to exist in the materials since the aggregation 




























Figure 1. Pure (left) and lattice defect containing ( ''SrV : double negative, 
••
OV : double positive, 
•
SrR : single positive, 
x
SrEu : zero net charge, right) SrO sublattice. 
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The goal of this work was to clarify the mechanism of the persistent luminescence by employing a 
systematic approach combining ab initio density functional theory (DFT) calculations with the 
appropriate experimental methods. The DFT calculations allow the control of both the nature of the 
defects and their locations in the host lattice which cannot be probed experimentally. The crystal and 
electronic structure of the non-doped Sr2MgSi2O7 and SrAl2O4 host materials as well as their 
modification with the introduction of the Eu2+ luminescent centre, R2+/3+ ions and other lattice defects 
were studied. The role of the defects and defect aggregates as possible electron or hole trapping 
sites which may contribute to the energy storage efficiency of the materials was studied, too. 
The distrontium magnesium disilicates doped with Eu2+ and co-doped with Dy3+ 
(Sr2MgSi2O7:Eu2+,Dy3+) were prepared with a solid state reaction. The microscopic and even 
nanoscale structure of the materials was studied with high-resolution transmission electron 
microscopy (TEM) to determine the influence of the lattice defects on the local structure. 
Simultaneously, the DFT calculations were carried out in order to reveal first the structure of the 
valence and conduction bands as well as the band gap energy of Sr2MgSi2O7 and SrAl2O4. Then, the 
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OV ) states in the 




AlV  and 
••
OV ) were 
studied also in SrAl2O4. The 4fn and 4fn-15d1 ground state energies of all the divalent (R2+, R: La-Lu) 
and trivalent (R3+) lanthanide ions in Sr2MgSi2O7 were studied, as well. 
Eventually, the trap energy structure and luminescence properties of the Sr2MgSi2O7:Eu2+(,Dy3+) 
materials were studied using the thermoluminescence (TL) and synchrotron radiation luminescence 
spectroscopy, respectively. The relationships between the experimental and calculated trap energy 
structure and the luminescence properties of the materials were determined. The energy transfer and 
storage processes occurring in the persistent luminescence materials are discussed based on the 
combined theoretical and experimental results. 
Most of the work included in this thesis has been presented in the following publications referred to 
as I-VII in the text. 
I. Furusho, H., Hölsä, J., Laamanen, T., Lastusaari, M., Niittykoski, J., Okajima, Y., and 
Yamamoto, A., Probing Lattice Defects in Sr2MgSi2O7:Eu2+,Dy3+, J. Lumin. 128 (2008) 881-884. 
II. Hölsä, J., Laamanen, T., Lastusaari, M., Niittykoski, J., and Novák, P., Electronic Structure of 
the SrAl2O4:Eu2+ Persistent Luminescence Material, J. Rare Earths 27 (2009) 550-554. 
III. Hölsä, J., Kirm, M., Laamanen, T., Lastusaari, M., Niittykoski, J., and Novák, P., Electronic 
Structure of the Sr2MgSi2O7:Eu2+ Persistent Luminescence Material, J. Lumin. 129 (2009) 1560-
1563. 
IV. Hölsä, J., Laamanen, T., Lastusaari, M., and Novák, P., Structure Optimization and Electronic 
Structure of the SrAl2O4:Eu2+ Persistent Luminescence Material by DFT Calculations, Terrae 
Rarae 2009 (2010) 13/1-6. 
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V. Hassinen, J., Hölsä, J., Laamanen, T., Lastusaari, M., and Novák, P., Electronic Structure of 
Defects in Sr2MgSi2O7:Eu2+,La3+ Persistent Luminescence Material, J. Non-Cryst. Solids 356 
(2010) 2015-2019. 
VI. Furusho, H., Hassinen, J., Hölsä, J., Laamanen, T., Lastusaari, M., Niittykoski, J., and 
Yamamoto, A., Influence of Defects on the Luminescence Properties of the 
Sr2MgSi2O7:Eu2+,Dy3+ Persistent Luminescence Material, manuscript. 
VII. Hölsä, J., Laamanen, T., Lastusaari, M., and Novák, P., A DFT Study on the Defects and Defect 
Aggregates in Sr2MgSi2O7, manuscript. 
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2. DENSITY FUNCTIONAL THEORY CALCULATIONS OF SOLID MATERIALS 
2.1. Density Functional Theory 
A solid state material can be described as a many body system consisting of electromagnetically 
interacting electrons and nuclei. Though direct solution of this kind of quantum many body problem is 
not possible, the problem can be accurately addressed when the necessary approximations are 
applied. As a starting point, the Born-Oppenheimer approximation [18] is used to place the nuclei at 
fixed positions since their movement is vanishingly slow when compared with the movement of the 
much lighter electrons. The quantum many body problem is thus reduced to a system of interacting 
electrons moving in the potential of the nuclei at fixed positions. This problem can be treated rather 
well with the Hartree-Fock method (HF) [19-21] for atoms and molecules; however, this method does 
not treat the solid state materials with sufficient accuracy.  
The density functional theory is presently the most powerful tool for the calculation of the 
properties of solid materials. In addition, the DFT method is not limited by the Born-Oppenheimer 
approximation and can thus be used to describe solids with light elements which move significantly 
faster than the heavy ones. The DFT method is based on the theorems of Hohenberg and Kohn 
which state that the total energy of a system (Etot) of interacting electrons in the external potential of 
the nuclei is given exactly as a functional of the ground state electron density (Eq. 1) [22,23]: 
 
)  , (EE tottot ↓ ↑ ρρ=         (1) 
 
where ρ↑ and ρ↓ are the spin up and down ground state electron densities, respectively. The theorems 
show that the density which minimizes )  , (Etot ↓ ↑ ρρ  is the true ground state electron density. 
Furthermore, all observable ground state quantities of the material are functionals of the ground state 
density. Therefore, the ground state electron density contains as much information of the material as 
the wave function does. The unknown energy functional )  , (Etot ↓ ↑ ρρ  can be rewritten in order to 
obtain the ground state density (Eq. 2) [24]: 
 
NNxcNeeestot E)  , (E)  , (E)  , (E)  , (T)  , (E +ρρ+ρρ+ρρ+ρρ=ρρ ↓ ↑↓ ↑↓ ↑↓ ↑↓ ↑         (2) 
 
where the electronic contributions are the kinetic energy of the non-interacting particles (Ts), the 
electron-electron Coulomb repulsion (Eee), nuclear-electron attraction (ENe), and exchange-correlation 
energies (Exc). ENN is the repulsive energy of the fixed nuclei. The form of the exchange-correlation 
functional has to be determined before the ground state electron density can be calculated. The most 
widely used approximation method is the local (spin) density approximation (L(S)DA) for the non-
spin-polarized (spin-polarized) systems where the exchange-correlation functional has the following 
form (Eq. 3) [24]: 
 
( )[ ]dr       ,  E xcxc  ↓ ↑↓ ↑ += ∫ ρρρρμ         (3) 
 
 13
In this expression, μxc is the local exchange-correlation energy density function. In the LDA 
method, the material is divided into very small volumes with constant density and the exchange-
correlation of each volume is assumed to be equal to the known exchange-correlation energy of an 
identical volume filled with a homogeneous electron gas. The LDA method has been refined by the 
generalized gradient approximation (GGA) method which replaces ( )  , xc ↓ ↑ ρρμ  with a local function of 
the density and the magnitude of its gradient. Therefore, several forms of μxc exist for the GGA 
method [e.g. 25-28].  
The most recent improvements in the DFT methods include the hybrid methods, e.g. the exact 
exchange for correlated electrons (EECE) method [29]. In this method, the exchange (and 
correlation) between correlated and uncorrelated orbitals are treated using LDA or GGA since they 
are expected to describe such interactions accurately. Only the exchange within the correlated 
subshell on each atom is treated by the exact Hartree-Fock expression in the EECE method. 
Currently used hybrid functionals include e.g. B3PW [30], B3LYP [31] and Fock-α [32]. 
Using the corresponding Kohn-Sham Hamiltonian obtained from Eq. 2, a set of single particle 
Schrödinger type equations known as Kohn-Sham equations [33] can be written (Eq. 4): 
 
[ ] )r(φε=)r(φ+++∇ iiixceeNe2   VVV-         (4) 
 
where φi are the wave functions (orbitals) of mathematical single particles at the point r and εi are the 
single particle energies (eigenvalues). The combined density of these single particles is equal to the 
true electron density, though the individual particles do not have a physical meaning [33].  
The advantage of the DFT approach is that only a series of single particle equations has to be 
solved instead of solving an immensely difficult many body Schrödinger equation [24]. However, a 
selfconsistent procedure is required to calculate the Kohn-Sham orbitals since both the Hartree 
potential (Vee) and the exchange-correlation potential (Vxc) depend on the electron density. Therefore, 
an iterative calculation process has to be employed (Fig. 2). In this process, a starting electron 
density is estimated to construct the Kohn-Sham Hamiltonian (HKS). A series of single particle Kohn-
Sham equations is solved to find out the single particle orbitals which are used to derive the output 
electron density. This density is used as an input for the next iteration and the process is repeated 
until a consistent ground state electron density is found. 
 
2.2. Calculation Methods 
Several calculation methods exist to solve the Kohn-Sham equations for obtaining the ground state 
electron density, total energy, and energy bands (eigenvalues) of a solid state material. The simplest 
approaches include the single particle and molecular calculation methods. However, the calculation 
of the solid state materials requires a more sophisticated approach. The cluster model [34,35] is a 
step forward from the molecular calculations. In this model, a finite cluster consisting of different 
regions is used to represent a crystal lattice. The inner region consists of a quantum mechanically 
treated cluster centered on the defect site which is surrounded by interface ions and a region of 
classical shell model ions, whereas the outer region consists of point charges. 
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Figure 2. Flow chart of the selfconsistent procedure to calculate the ground state electron density 
using the Kohn-Sham equations [36]. 
 
The current DFT calculation methods rely on a basis set expansion of the single particle Kohn-
Sham orbitals. Expansion coefficients are used to express the orbitals in a given basis set [24]. 
Therefore, the choice of the basis set reduces the solution of the selfconsistent Kohn-Sham 
equations to the determination of the expansion coefficients for the orbitals which minimize the total 
energy. Relatively simple plane wave basis sets have been traditionally used in the pseudopotential 
(PP) method. However, the conventional plane wave basis set is not an ideal choice for the solution 
of the Schrödinger’s equation in a crystal lattice since the potential and therefore the wavefunctions 
change rapidly near the nuclei. This problem has been addressed in the pseudopotential method by 
replacing the Hamiltonian near the atoms with a smoother pseudo-Hamiltonian. A more complex but 
efficient basis set is employed by the linearized muffin-tin orbital (LMTO) and linearized augmented 
plane wave (LAPW) methods. In the LAPW method, the plane waves near the atoms are modified 
instead of the Hamiltonian. 
The LAPW method is based on the augmented plane wave method (APW) [37,38] which is 
currently not in active use mainly due to its computationally demanding calculation procedure. In the 
more efficient LAPW method, the crystal lattice is divided into non-overlapping atomic spheres and 
the interstitial region. The orbitals are described by spherical harmonics in the atomic spheres which 
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are centered at the atomic sites. The electron states are divided into the core and valence states. The 
core states are contained in the atomic spheres, whereas the valence states are expanded by using 
the basis functions. These functions have the form of a plane wave in the interstitial region and each 
one is augmented by an atomic type function in every atomic sphere. Local orbitals are added to the 
basis functions to increase the flexibility of the basis as well as to enable the treatment of two valence 
functions with the same orbital number (e.g. the 3p and 4p functions). The LAPW method allows the 
use of a much smaller basis set than the one constructed from regular plane waves alone. The size 
of the basis set can be further decreased by increasing the radius of the atomic spheres, though this 
decreases the accuracy of the calculations [24]. 
 
2.3. Applications 
The elastic and thermodynamic properties of the solid state materials can be studied by the DFT 
calculations (Table 1) [39-44]. The density functional perturbation theory (DFPT) [45] enables the 
calculation of lattice dynamics and response to external electromagnetic fields. The phonon 
frequencies and dispersion curves including the Raman as well as inelastic neutron scattering (INS) 
spectra and the electron-phonon interactions can be calculated using the DFPT method [46-51]. The 
electronic host band structure which includes the structure of the valence and conduction bands as 
well as the band gap energy can be obtained from the calculated ground state electron density 
[50,52-57]. The DFT method provides a very important means to probe the magnetic properties 
including the exchange interaction [58-60], magnetic moment [29,61,62], hyperfine field [63-65], Kerr 
spectrum [66-68] and Jahn-Teller distortion [69], as well.  
The DFT calculations can be used to study the optical properties of the solid state materials, as 
well (Table 1) [46,70-85]. The optical absorption can be obtained from the dielectric function which 
describes the linear response of an insulator to an applied electric field [70]. The imaginary part of the 
dielectric tensor is directly related to the electronic band structure of a solid and can thus be 
calculated from the single particle orbitals and energies. The real part can then be obtained since the 
real and imaginary parts are linked by a Kramers-Kronig transformation.  
Excitation energy calculations using the time dependent density functional theory (TD-DFT) 
method have been successfully applied for molecular systems (Table 1) [e.g. 71-73]. This method 
can also describe the optical transitions of surface and bulk lattice defects in simple solids as e.g. 
MgO [83,85] and Al2O3 [81]. However, the direct calculation of the selected transitions is not possible 
using the TD-DFT method as a large number of states with very low transition probabilities has to be 
included in the calculations [74]. Therefore, the calculation of the excitation energies in the solid state 
materials with more complicated crystal structures is very difficult. 
The rare earth ion containing materials provide a difficult challenge for the DFT calculations due to 
the strong correlation of their 4f electrons. The ionization potentials [86-88] as well as the bond 
energies [89,90] of the rare earth atoms and molecules can be calculated using the simple one-
particle, molecular and cluster model DFT calculation methods (Table 2). However, e.g. the 
pseudopotential, LAPW or LMTO methods (cf. section 2.2.) have to be employed for the calculation 
of the solid state materials where the host lattice consists partly of the rare earth ions. The total 
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energy [91,92], host band structure [70,93-103] and magnetic properties [104,105] of these materials 
have been calculated. 
 
Table 1. DFT studies of inorganic solid state materials. 






Na2Ti3O7 PP LDA 39 
AlN PP GGA 40 
M2B (M: Cr-Ni, Mo, W) PP GGA 41 
NiO LMTO LDA+U 42 







Bi DFPT, PP LDA 44 
NH4F, NaHF2, SiO2 DFPT, PP LDA, GGA 46,47 
Al, Pb nanowire, Bi DFPT, PP LDA 48,49 





Pb2MgTeO6 DFPT, PP LDA 51 
Li2SiO3, Li2Si2O5 PAW GGA 52 
MgTi2O4 PP B3LYP 53 
Ca2MgSi2O7 DFPT, PP LDA 50 
NiO LMTO LDA+U 54 
SrAl2O4 PP GGA 55 




PbSiO3 PP LDA, GGA 57 
Exchange 
interaction 
MnO, BaFe12O19,  
Ba2-xSrxZn2Fe12O22 
LAPW LDA, GGA, GGA+U 58-60 
Magnetic 
moment 
MO (M: Mn-Ni), Fe3O4, 
FeF2, FeAl, Gd 
LAPW LDA, LDA+U, GGA, 




Hyperfine field Li3N:Fe, Fe, Fe3O4, FeF3, 
Fe:R (R: La-Lu), Fe:An 
(An: Ac-Lr), Co, Ni 
LAPW LDA, LDA+U, B3PW 63-65 




LaMnO3 PP, LAPW LDA, LDA+U, GGA 69 
IR absorption SiO2 PP GGA 46 
CaGeO3 PP LDA, GGA 75 
SrB2Si2O8 PP LDA 76 
CdSiO3 PP LDA, GGA 77 
VUV-vis 
absorption 
BiVO4 PP GGA 78 
SiO2, Cu, La2CuO4 PP, PAW GGA 79 X-ray 
absorption (YM)2BaNiO5 LAPW LDA, LDA+U, GGA 80 
Optical 
Excited states 
of point defects 




LDA, GGA, B3LYP 81-85 
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Table 2. DFT studies of rare earth containing materials. 








R atom La-Lu One-
particle 
LDA, GGA 86 
RX3  
(X: F, Cl, Br, I) 





RS La, Ce, Eu, Gd, Yb, 
Lu 
Molecular GGA 88 




RF, YbH Nd, Eu, Gd, Yb Cluster BP, BLYP, 
B3LYP 
90 
Eu metal, EuO, 
EuS, EuSe, EuTe 
Eu LAPW LDA+U 91 Total energy 
R2O3 La-Lu PP GGA, B3PW, 
B3LYP 
92 




Ce, Eu PP GGA 94,95 
RN La-Lu LMTO LDA+U 96 
PrO2, BaPrO3 Pr LAPW LDA+U 97 
R2O2Te La, Sm, Gd PP GGA 98 
RF3 Ce, Tb LAPW, 
LMTO 
GGA, LDA+U 99,100
RSF La, Ce LAPW GGA 70 
RAs, YAs Er-Lu LMTO LDA 101 
R3Co4Sn13 La, Ce, Sm, Gd, Tb LAPW GGA 102 
CeRhZn Ce ASW LDA 103 
Host band 
structure 
LuAlO3:Ce3+ Ce, Lu LMTO LDA 100 










Only few studies exist on the DFT calculation of the electronic structure of the rare earth doped 
solid state materials. Prior to this work, no reports existed on the ab initio calculation of the 4fn or the 
4fn-15d1 ground state energies for the R2+/3+ series in any solid state host. The pseudopotential 
method has been used for the calculation of the energies of some isolated R3+ ions (R: Sm, Eu, 
Er, Tm) as well as R3+ containing defect aggregates in the electronic band structure of some simple 
host materials (Table 3) [106-114]. The formation and binding energies of defect aggregates have 
been studied using DFT, as well [106-109,111,113,114]. The structural modifications in the host 
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induced by the rare earth doping have been studied by the optimization of the crystal structure with 
the DFT calculations [106,109-114]. 
 










(R: Eu, Er, Tm) 
RAl, RAl+ON, RAl+(ON)2, 
RAl+VN 
PP LDA 106 
Si:Er3+ Eri+(Oi)n (n: 1-6) PP LDA 107,108 
SiC:Er3+ ErSi, ErSi+NC, ErSi+Hi PP LDA 109 
TiO2:Sm3+ SmTi PP GGA 110 
GaN:R3+  
(R: Eu, Er, Tm) 
RGa, Ri, Ni, ON, CN, VN, 
RGa+Gai, RGa+Ni, RGa+ON, 
RGa+VGa, RGa+VN 
PP, DFTB LDA, LDA+U 107, 
111-113 
GaAs:Er3+ ErGa, ErGa+OAs, 
ErGa+(OAs)2, ErGa+Oi, 
ErGa+OAs+Oi 
PP LDA 114 
MAl2O4:Eu2+  
(M: Ca, Sr, Ba) 
EuM, VSr, VAl, VO LAPW GGA, GGA+U II,IV 
SrAl2O4:Eu2+ EuSr n/a n/a 115 
M2MgSi2O7:Eu2+  
(M: Ca, Sr, Ba) 
EuM, VSr, VMg, VSi, VO, 
VSr+VO, EuSr+VSr, EuSr+VO 





RM LAPW GGA, GGA+U  
 
The energies of the intrinsic (vacancies and interstitials) and extrinsic (foreign ions) bulk (Table 4) 
[116-130] and surface [81,131-150] defects (Table 5) in the electronic band structure of the host 
material have been studied using the DFT calculations. The electronic structure of the ideal and 
defect containing surfaces of the solid materials have been studied due to their importance for 
catalytic applications [e.g. 140,141,144]. The total and surface energies of the pure and defect 
containing materials have been calculated [116-120,123,125-150]. In addition, the formation and 
binding energies of the defects have been determined in order to study e.g. the probability of the 
defect formation in the bulk [116-130] and on the surface [81,139-150] of the host. The crystal 
structure of the defect containing materials has also been optimized to determine the structural 













AlN VN LCAO GGA 116 
Si:B BSi, Bi, BSi+Bi PP LDA, GGA 117 
SiO2:P PSi Cluster B3LYP 118 
Ca3(PO4)2 VCa PP LDA 119 
Ca5(PO4)3OH:Si SiP, SiP+VO, SiP+VOH PP LDA, GGA 120 
TiO2 VO PP LDA 121 





ZrO2, ZrO2-Y2O3, ZrO2-Sc2O3 VO, Oi, VO+YZr, YZr+YZr  PP, PAW GGA 125-127 
CdO:F FO, VO PP LDA 128 
BaF2 FBa, Fi LCAO, PP B3PW 129 
HfO2 VO, Oi, VHf, ZrHf, VO+ZrHf  PP GGA 130 
 
Table 5. DFT studies of the electronic structure of surfaces and surface defects. 








MgO (001)  LCAO GGA 131 
MgSiO3 (001), (110), (111), 
(101), (011) 
 PP GGA 132 
SiO2 (0001)  PP LDA 133 
TiO2 (110)  PP LDA 134 
V2O5 (001), (100)  Cluster GGA 135 









(111)  PP GGA 138 
BN (110) VB, VN LCAO B3LYP 139 
(001) Topological PP GGA 140 MgO 
(100) VO Cluster B3LYP 81,141 
(100) VO PP, PAW GGA 142 MgO:Li 
(100), (110), (111) VO, Lii PAW GGA+U 143 
TiO2 (110) VO PAW GGA+U 144 
NiO (100) VNi, VO PP, PAW GGA, B3PW 145 
ZnO (10-10),  (11-20) VZn, VO PP GGA 146 
SrTiO3 (001) VO PP, PAW GGA, B3PW 147 
Defected 
surface 
CeO2 (100), (110), (111) VO, VO+VO PP, PAW GGA, GGA+U 142, 
148-150 
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The adsorption on the surface of a solid state substrate can be studied using DFT to explore the 
local surface environment involved in e.g. the actual catalytic processes [151]. The adsorption and 
dissociation energies of the atoms and molecules adsorbed on simple substrate materials as well as 
the total energies and electronic structures of these systems have been calculated (Table 6) 
[83,84,74,151-176]. The dependence of the adsorption energies and defect energies on the distance 
between the adsorbed species and the surface defects have been studied, as well 
[83,84,74,151,158-161,163,164,166-172,174]. The modification of the surface crystal structure due to 
the adsorption has been investigated using the structure optimization. In addition, the vibration 
frequencies of the adsorbed molecules [162,175] as well as the calculated electron paramagnetic 
resonance (EPR) spectra due to the paramagnetic surface defects [83,84,160] have been determined 
using the DFT calculations. 
 
Table 6. DFT studies of surface adsorption and catalysis on inorganic substrate materials. 
Substrate 










Al CH3OH  PP LDA 152 
F, Cl, OH, O2  Cluster GGA 153 Si 
Ga, Te  PP LDA 154-156 
NaCl, KCl, 
MgSO4·H2O 
Benzoic acid, salicylic 
acid 
 Cluster B3LYP 157 
H2O, N2O, OH, H2, O2, 
Li, Na, K 
VO Cluster B3LYP 83,84,74, 
158-160 
Ca, Au VO PAW GGA 151,161 
CH3OH  Cluster B3LYP 162 
MgO 
H2S  PP GGA 163 
MgO:Ni H2S NiMg PP GGA 163 
MgO:Li CH4 LiMg PAW GGA+U 164 
SiO2 H2O  PP GGA 165 
SiO2/Mo Au VO PAW GGA 166 
CaO O2 VO Cluster B3LYP 159 
TiO2 H2O, N2O, N2O2, NO, 
CO, O2, Au 
VO PP LDA, GGA 167-169 
V2O5 H2, CH4, Li, Na, K, Rb VO Cluster LDA, GGA 170-172 
ZnO  H2S  PP GGA 163 
SrO O2 VO Cluster B3LYP 159 
Rh, Pd CH4, CO  PP GGA 173 
BaO O2 VO Cluster B3LYP 159 
NO2 VO PAW GGA+U 174 CeO2 




3.1. Materials Preparation 
The polycrystalline Sr2MgSi2O7 materials with or without Eu2+ and Dy3+ were prepared with a solid 
state reaction between stoichiometric amounts of SrCO3, Mg(NO3)2·6H2O, fumed SiO2, Eu2O3 
and Dy2O3. The nominal concentration of both the Eu2+ and Dy3+ ions was 1 mole-% of the strontium 
amount. The dry starting materials were ground to a homogeneous mixture in a ball mill in air. The 
mixtures were annealed in a reducing (N2 + 10 % H2) gas sphere initially at 700 oC for 1 h and then at 
1350 oC for 10 h. The structural and phase purity was confirmed by X-ray powder diffraction (XPD) 
using a Huber G670 image plate Guinier camera at 295 K (Cu Kα1 radiation, λ: 1.5406 Å). 
 
3.2. Transmission Electron Microscopy 
The nanostructure of the materials was studied at room temperature using a high-resolution JEOL 
JEM-3100FEF TEM system operated at 300 kV. For the TEM measurements the materials were 
dispersed into water and ultrasonically mixed for one hour at room temperature using a Branson 
5510J-MTH ultrasonic cleaner. A drop of the suspension was then applied onto a copper grid sample 
holder and vacuum-dried for 12 h. 
 
3.3. Thermoluminescence 
The thermoluminescence glow curves of the Sr2MgSi2O7:Eu2+(,Dy3+) materials were measured 
with an upgraded Risø TL/OSL-DA-12 TL system with a linear heating rate of 5 °Cs-1 in the 
temperature range between 25 and 400 °C. The global TL emission from UV to 650 nm was 
monitored. Prior to the TL measurements, the materials were exposed to radiation from a 
combination of the Philips TL 20W/05 and TL 20W/03 UV lamps with the emission maxima at 360 
and 420 nm, respectively. The exposure time was 30 s. The analysis of the TL glow curves was 
carried out by deconvoluting the TL curves with the program TLanal v. 1.0.3 [177,178] which uses the 
General Approximation method as a background. The fitted peaks were considered to be of either the 
1st or 2nd order kinetics depending on the peak shape. 
 
3.4. Luminescence Spectroscopy 
The synchrotron radiation (SR) excitation and emission spectra of the Sr2MgSi2O7:Eu2+(,Dy3+) 
materials were measured at 9 and 295 K in the energy range from 3.7 to 40 eV using the UV-VUV 
synchrotron radiation beamline SUPERLUMI of HASYLAB at DESY (Hamburg, Germany) [179]. The 
samples were mounted on the cold finger of a liquid He flow cryostat. The incident SR and the 
radiation emitted by the materials were dispersed with a 2-m normal incidence McPherson type 
primary monochromator and an ARC SpectraPro-308i monochromator equipped with a Hamamatsu 
R6358P photomultiplier, respectively. The luminescence was recorded with a SSL CCD detector, as 
well. The resolution of the experimental setup in excitation was between 0.02 and 0.32 nm depending 
on fixed slits. The UV–VUV excitation spectra were corrected for the incident flux variation of the 
excitation beam using the excitation spectrum of sodium salicylate as a standard. The measurements 
for a short (22 ns) and long (86 ns) time were carried out with a delay of 2 and 82 ns after the 
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excitation, respectively. The emission measurements are limited by the rather short time (192 ns) 
between the synchrotron radiation excitation pulses when compared to the conventional decay time 
of Eu2+ around 1 μs [180]. 
The UV excited emission spectra of the Sr2MgSi2O7:Eu2+(,Dy3+) materials were measured at room 
temperature with a Perkin-Elmer LS-5 spectrometer (λexc: 360 nm). The excitation source was a 
pulsed 8 W xenon lamp. 
 
3.5. Electronic Structure Calculations 
The electronic structures of the non-doped and R2+/3+ (R: La-Lu) doped Sr2MgSi2O7 as well as non-
doped and Eu2+ doped SrAl2O4 materials were calculated using the WIEN2k package [181]. WIEN2k 
is based on the full potential linearized augmented plane wave method (LAPW), an approach which 
is among the most precise and reliable ways to calculate the electronic structure of solids. The semi-
local spin density generalized gradient approximation (GGA) method was employed. In order to 
describe better the strongly correlated 4f electrons of Eu2+, the localized density approximation 
(LDA+U) and GGA+U methods [182,183] were used. These methods use the GGA (LDA) method, 
but for selected atomic states the DFT exchange-correlation potential is replaced by its Hartree-Fock-
like form. The Coulomb interaction resulting in localized electronic states is correctly described with 
the exact exchange term in the Hartree-Fock approach, whereas exchange is only approximated in 
DFT. To correct for the double counting the “Fully Localized Limit“ version of the GGA+U method 
was used.  
The GGA+U and LDA+U methods require as the input the Coulomb repulsion strength (Hubbard 
parameter U) and the exchange parameter J (magnetic coupling constant), which can be related to 
the Slater integrals [184]. U increases with the increasing nuclear charge and oxidation state, 
whereas J is almost independent of the number of nd (nf) electrons. The U and J values 7.62 and 
0.68 eV, respectively, have been found to reproduce the experimentally observed splitting between 
the majority and minority spin states of the Gd3+ ion [29]. Since both Gd3+ and Eu2+ have the rather 
similar 4f7 ground state configuration, the dependence of the Eu2+ doped system on the Hubbard 
parameter was calculated using selected U values between 4.35 and 7.62 eV, while the exchange 
parameter was fixed at 0.68 eV. 
The GGA method was used for calculating the electronic structures of the Sr2MgSi2O7:R2+/3+ 
materials. The 4fn electrons of the R2+/3+ ions were treated as core electrons whereas 5d ones were 
included as valence electrons in the calculations. In this open core approach [185-187], the 4f 
electrons are coupled to the other electrons via Hartree and exchange interactions, but do not 
hybridize and are not part of the band structure. The f-character of the augmented plane waves at the 
R site was eliminated by setting the f-linearization energy at a high value (usually 25-80 eV). The 4f 
states were localized by a potential well and the occupation of the 4f(up) and 4f(down) spin states 
was fixed according to the first Hund rule. The open core approach was used to enable the reliable 
comparison between the calculated 4fn ground state energies in the entire rare earth series. No 
charge compensation (not necessary for R2+, of course) was included in the unit cell to account for 
the charge mismatch induced by the replacement of Sr2+ with an isolated R3+. This omission 
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corresponds to an actual real situation where the charge compensation species is very far from the 
R3+ ion.  
The isolated defects were calculated with no charge compensation included in the unit cell. One 
isolated defect was introduced into the normal unit cell of Sr2MgSi2O7 (Z: 2 [188], 24 atoms) 






SrV , and 
''''
SiV ; one of the four 
Sr2+/SiIV species in the unit cell is replaced with a defect), 50 ( ''MgV ), and 7 % (
••
OV ). The high local 
defect concentrations were used to probe the local changes in the electronic structure induced by the 
isolated defects. One isolated oxygen vacancy was also located in a 2x2x2 supercell of Sr2MgSi2O7 
(a: 15.9914, c: 10.3042 Å, 192 atoms) corresponding to a 1 % ••OV  concentration. One isolated defect 
was introduced in the normal unit cell of SrAl2O4 (Z: 4 [189], 28 atoms), as well, corresponding to the 
defect concentration of 25 ( xSrEu  and 
''
SrV ; one of the four Sr
2+ ions in the unit cell is replaced), 
13 ( '''AlV ), and 6 % (
••
OV ). 
Selected defect aggregates with the defects at the closest possible distance relative to each other 
( ''SrV +
••








OV , 2.6-7.2 Å) were calculated in the 
Sr2MgSi2O7 host, as well. The ''SrV +
••




OV  pairs were located in a 1x1x3 supercell 
(a: 7.9957, c: 15.4563 Å, 72 atoms) corresponding to the defect concentration of 8 ( xSrEu  and 
''
SrV ) 




SrV  pair was introduced in a 1x1x2 supercell (a: 7.9957, c: 10.3042 Å, 
48 atoms) corresponding to a 13 % xSrEu  and 
''
SrV  concentration. The Eu
2+ 4f7 electrons were treated 
as core electrons in the xSrEu +
''
SrV  pair since the GGA+U method failed to describe them correctly. 
This may be due to the insufficient handling of the charge misbalance induced by the introduction of 
''
SrV  in the lattice. 
The single particle Kohn-Sham equations can be solved on a grid of sampling points (k-points) in 
the symmetry irreducible wedge of the Brillouin zone [24]. The number of the k-points in the 
irreducible part of the Brillouin zone of Sr2MgSi2O7 (SrAl2O4) was 12 (16) and 6 (8) with and without 
the spin-orbit coupling included, respectively. The number of basis functions used was ca. 1500 and 
1800 for both the non-doped and defect containing normal cell of the Sr2MgSi2O7 and SrAl2O4 
materials, respectively. The number of basis functions was significantly higher in the Sr2MgSi2O7 
supercell calculations, ca. 3100 (1x1x2 supercell), 4600 (1x1x3) and 9200 (2x2x2).  
The reliable calculation of the electronic structure requires the optimization of the crystal structure 
including the defect or defect aggregate. This was achieved by relaxing the atomic positions in the 
unit cell, while the lattice parameters were not changed. The equilibrium position of each atom was 
calculated using the GGA method. The optimized structure was then used to recalculate the 





4. RESULTS AND DISCUSSION 
4.1. Crystal Structure 
4.1.1. Sr2MgSi2O7 
X-ray powder diffraction was used to confirm the structural and phase purity of the 
materials (Fig. 3) [VI]. All the Sr2MgSi2O7 materials studied possess the tetragonal structure (space 
group: m24P 1 , no. 113, Z: 2, a: 7.9957, c: 5.1521 Å [188]). The structure consists of alternating Sr 
and Mg(Si2O7) layers perpendicular to the unit cell c axis (Fig. 4). The distance between the Sr 
planes (002) is 5.15 Å along the unit cell c axis, while the shortest distance between two Sr atoms in 
the ab plane is 3.74 Å. The structure possesses only one Sr, Mg and Si site but three O sites. The 
oxide ion in the O1 site connects two SiO4 tetrahedra into a disilicate (Si2O7) unit. The Sr2+ ion in the 
single Sr site (symmetry: Cs) has eight neighboring O2- ions with an average Sr-O distance 
of 2.662 Å. The Mg2+ and SiIV species are located within the MgO4 and SiO4 tetrahedra (site 
symmetries: S4 and Cs, respectively) with average Mg-O and Si-O distances of 1.942 and 1.617 Å, 
respectively. In addition to the desired Sr2MgSi2O7 phase, a small amount of Sr3MgSi2O8 was 
observed as an impurity phase in the XPD patterns of all materials at room temperature. The 
decrease in the intensities of the reflections of the Sr3MgSi2O8 impurity phase compared to 
Sr2MgSi2O7 indicated that the introduction of the Eu2+ and Dy3+ ions favors the formation of the 
desired Sr2MgSi2O7 phase. 
 


























1 h @ 700 oC + 





Figure 3. Experimental X-ray powder diffraction patterns of the non-doped and Eu2+ doped as well as 
Eu2+,Dy3+ co-doped (1 mole-% both Eu2+ and Dy3+) Sr2MgSi2O7 at 295 K. Impurity and Vaseline 
(used to attach the sample) reflections: ◊ Sr3MgSi2O8 (2θ: 22.6o (I/I100: 0.4); 31.8 (0.8); 32.7 (1); 38.8 
(0.4); 40.3 (0.55)), # Vaseline. The reference pattern was calculated with PowderCell [190] using the 
crystallographic data [188]. 
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Figure 4. The tetragonal structure (space group m24P 1 ) of Sr2MgSi2O7 consisting of alternating Sr 
and Mg(Si2O7) layers. 
 
4.1.2. SrAl2O4 
The SrAl2O4 materials studied possess the monoclinic structure (space group: P21, no. 4, Z: 4, 
a: 8.447, b: 8.816, c: 5.163 Å and β: 93.4o [189]). The structure consists of Sr2+ ions situated within 
channels formed by six interconnected AlO4 tetrahedra (Fig. 5). The structure possesses two Sr, four 
Al and eight O sites. The Eu2+ ion is expected to substitute for Sr2+ in both seven coordinated sites 
(Sr1 and Sr2, C1 site symmetry for both) since the Sr-O distances (average: 2.692 and 2.667 Å for 
Sr1 and Sr2, respectively) are very similar [IV]. In addition, the statistical ionic radii of Eu2+ (CN: 7, 
1.20 Å) and Sr2+ (1.21 Å) are close to a perfect match [191]. In contrast, Eu2+ does not fit at all into 
the small four coordinated Al3+ site (0.39 Å). 
 
 
Figure 5. The monoclinic structure (space group P21) of SrAl2O4 consisting of Sr2+ ions situated within 
channels of AlO4 tetrahedra. 
 
4.2. Microscopic Structure 
High-resolution transmission electron microscopy was used to study the modification of the local 
crystal structure induced by the lattice defects in the polycrystalline materials. Undisturbed Sr crystal 
planes were typically observed in the non-doped Sr2MgSi2O7 material (Fig. 6) [I]. The Sr planes with 
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a distance of 5.15 (Fig. 6a) and 3.74 Å (Fig. 6c) along the unit cell c axis and in the ab plane, 
respectively (cf. section 4.1.1.), were observed. Dislocations and other infrequent discontinuities were 
found even in the non-doped material, however. Small lattice domains with different crystal plane 
orientations were observed, as well. This indicates that lattice defects exist in the Sr2MgSi2O7 
material even without (co-)doping. A significant number of discontinuities in the crystal planes as well 
as increasingly smaller domains with different lattice orientations were clearly observed for the Eu2+ 
doped and Eu2+,Dy3+ co-doped Sr2MgSi2O7 materials. The domains are probably created by point 
defects or defect aggregates. The edges of the domains may also consist of dislocations which have 
their origin at the point defects.  
 
 
Figure 6. Transmission electron microscopy (TEM) images of a) Sr2MgSi2O7, b) Sr2MgSi2O7:Eu2+ and 
c) Sr2MgSi2O7:Eu2+,Dy3+. 
 
Eu2+ replaces Sr2+ in the single Sr site of the Sr2MgSi2O7 host without major structural distortions 
(ionic radii: 1.25 and 1.26 Å [191], respectively, see also section 4.1.2.). The eight coordinated Dy3+ 
ion (1.03 Å) fits rather well into the Sr2+ site, whereas Eu2+ and Dy3+ do not fit at all into the small four 
coordinated Mg2+ and SiIV sites (0.57 and 0.26 Å, respectively). The replacement of Sr2+ with Dy3+ 
( •SrDy ) is expected to modify the host structure due to their size mismatch. In addition, strontium 
vacancies ( ''SrV ) and/or interstitial oxide ions (
''
iO ) may be created to provide the charge 
compensation required by the introduction of an extra positive net charge with •SrDy  (Eqs. 5 and 6). 
 
2Sr2+ → 2 •SrDy + 
''
SrV                       (5) 
2Sr2+ → 2 •SrDy + 
''
iO                     (6) 
 
In addition to the isolated lattice defects, aggregation of defects has to be considered since the 
actual defect concentration is expected to be quite significant because of the high energy storing 
capacity of the materials. Especially the Eu2+,Dy3+ co-doped material is expected to contain a large 
number of defect aggregates. The negatively charged defects ''SrV  and 
''
iO  are able to aggregate with 
the positively charged defects ••OV  and/or 
•
SrDy  thus increasing the local defect concentration. The 
increased disorder observed in the TEM images of the (co-)doped material (Fig. 6) is thus mainly due 
to the charge compensation effects [I]. 
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4.3. Structure Optimization 
4.3.1. Eu2+ Doped Sr2MgSi2O7 
The DFT calculations provide an important tool to study the modification of the crystal structure 
due to the introduction of the isolated defects and defect aggregates since both the nature of the 
defects and the distance between them can be exactly determined. These modifications induced by 
the isolated defects were first studied using the Eu2+ doped Sr2MgSi2O7, i.e. with the xSrEu  defect with 
no net charge [V,VII]. Due to the structure optimization, the distances between the Eu2+/Sr2+ ions and 
the nearest oxide ions were decreased. The modification of the crystal structure was slightly more 
pronounced around the Eu2+ luminescent centre than near the Sr2+ ions. The average decrease in the 
Eu-O and Sr-O distances was 0.018 and 0.013 Å, respectively. The average changes relative to the 
non-optimized distances are thus 0.7 and 0.5 %, respectively. In addition, the Mg-O distances 
decreased in average 0.002 Å (0.1 %). The decrease in the Eu-O, Sr-O and Mg-O distances takes 
place at the expense of lengthening of the Si-O distances, in average increased by 0.028 Å (1.7 %). 
 
4.3.2. Isolated Vacancies and Defect Aggregates in Sr2MgSi2O7 
The probability of the formation of the defect species increases with the decreasing total energy. 
The structural modifications in Sr2MgSi2O7 induced by the Sr vacancy are more profound than the 
effect of ''MgV , 
''''
SiV  and 
••
OV  [VII]. This is reflected by the differences in the total energies of the defect 
free and vacancy containing Sr2MgSi2O7 (Fig. 7). The difference in the total energies (85 keV) show 
that the formation of ••OV  in the O1, O2 and O3 oxygen sites requires much less energy than the 
creation of ''SrV . Therefore, 
••
OV  may be formed relatively easily due to the reducing atmosphere used 





























































Figure 7. Total energy of the optimized Sr2MgSi2O7 structure with isolated defects and defect 
aggregates in the normal unit cell calculated with the GGA method. 
 
The probability of the formation of ''MgV  and 
''''
SiV  cannot be estimated reliably using only the total 
energy values (Fig. 7) since their structural effects may be more significant than indicated by the 
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present DFT calculations [VII]. In addition, the charge compensation required by ''''SiV  with a quadruple 
negative net charge should introduce additional defects and thus increase the total energy. The total 
energy of the Eu2+ containing Sr2MgSi2O7 material cannot be compared with the non-doped and 
vacancy containing material due to its strong dependency on the atomic number. Therefore, the total 
energy is drastically changed (by ca. 210 keV) with the replacement of Sr2+ with Eu2+. 
Based on the changes in the Sr-O and Eu-O distances, the structural modifications due to the 
isolated vacancies are much more significant than the inclusion of the Eu2+ ion alone (Table 7) [VII]. 
The modifications induced by the removal of an oxygen in the O1 site are also more significant than 
in the O2 and O3 sites due to its role as the central atom of the Si2O7 unit (cf. section 4.1.1.). The 










OV  were studied using the structure optimization. In this process, the O
2- ions located between 




SrV  pair moved most strongly towards Eu
2+. The modification of the 




SrV  defect pair agrees very well with the changes in the crystal 




OV  pair decreased the remaining 
Eu-O distances. Significant decrease in the Eu-O distances was observed when Eu2+ and ••OV  are 
located as nearest neighbors. On the other hand, the modifications are clearly less significant when 
••
OV  is located at longer distances from Eu
2+. These results confirm that the aggregation of defects 
can significantly modify the local crystal structure of the host material. 
 
Table 7. Average decrease in the Sr-O and Eu-O distances in the isolated defect and defect 
aggregate containing Sr2MgSi2O7. 
  Sr-O or Eu-O distance 
Decrease# 
Defect Distance* / Å / Å / % 
x
SrEu  0.013 (Sr-O) 0.5 
''
SrV  0.110 4.0 
''
MgV  0.073 2.7 
''''
SiV  0.006 0.2 
••
OV (O1) 0.076 2.8 
••












OV (O3) 2.77 0.004 0.1 
2.58 0.080 (Eu-O) 2.9 





7.18 0.019 0.7 
2.77 0.042 1.6 









SrV  4.22 0.090 3.4 
* Distance between defects in the defect aggregate. 




OV  pair induced only very slight structural modifications when compared to the changes 
caused by the isolated vacancies (Table 7) [VII]. This may result from the inherent charge 
compensation of the ''SrV +
••
OV  pair which might stabilize the environment of the pair. The total 
energies indicate that the energy cost of creating the ''SrV +
••
OV  pair is similar to the cost of creating 
the corresponding isolated vacancies (Fig. 7). 
 
4.3.3. R2+/3+ Doped Sr2MgSi2O7 
The crystal structure of the La3+ and Lu3+ (in the sole Sr site) containing Sr2MgSi2O7 was 
optimized. Assuming that in the rare earth series the dependence of structure parameters on the R 
atomic number is linear, the optimized structure was constructed for the Ce3+-Yb3+ containing 
material using linear interpolation. The shortest average R-O distance, 2.439 Å for the Lu3+ doping, 
corresponds to an 8 % decrease from the original Sr-O distance of 2.662 Å. The Lu3+ 4f14 ground 
state energy increases only by ca. 0.2 eV whilst smaller changes were found for the other R3+ due to 
the optimization (cf. section 4.4.6.). Therefore, the non-optimized crystal structure was used in the 
DFT calculations of the R3+ and R2+ doped Sr2MgSi2O7. The total energy of the R2+/3+ containing 
Sr2MgSi2O7 materials are not comparable due to the strong dependency of this energy on the 
number of electrons. 
 
4.3.4. Eu2+ Doped SrAl2O4 
The Eu-O distances were slightly shorter in the optimized structure than the original Sr-O 
distances when the crystal structure of the Eu2+ doped SrAl2O4 material was optimized with the DFT 
calculations [II,IV]. The average change in the Eu-O (Sr-O) distance is 0.038 or 0.027 Å (0.029 
or 0.021 Å), when Eu2+ is located in the Sr1 or Sr2 site, respectively (IV, Table 1). This decrease 
takes place at the expense of the lengthening Al-O distances, in average increased by 0.017 Å. The 
average changes relative to the non-optimized distances are thus similar for Sr(Eu)-O and Al-O,    
0.8-1.4 and 1.0 %, respectively. Based on the smaller decrease in Eu-O and Sr-O distances (0.7 and 
0.5 % for Sr2MgSi2O7, respectively, cf. section 4.3.1.), the Sr2MgSi2O7 structure is more rigid 
than SrAl2O4. 
In the Sr1 site, two types of oxide ion movement – changes in both the O-Eu-O angles and the  
Eu-O distances – exist due to optimization (Fig. 8) [IV]. The differences between the non-optimized 
and optimized crystal structure are small, although even smaller changes might have been expected 
due to the similar statistical ionic radii of Eu2+ and Sr2+. Since the tabulated ionic radii are statistical 
ones, the actual inter-atomic distances may differ in the individual materials, however. 
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Figure 8. Environment of Eu2+ in the Sr1 site of the structure optimized SrAl2O4:Eu2+. Non-optimized 
ion positions are marked with dashed spheres. 
 
4.3.5. Isolated Vacancies in SrAl2O4 
The introduction of a strontium vacancy in SrAl2O4 results in the movement of the nearest-
neighbor O2- ions towards the next-nearest Sr2+ ions due to the structure optimization.  The resulting 
average decrease in the Sr-O distances is 0.129 and 0.151 Å for ''SrV  in the Sr1 and Sr2 site, 
respectively. The average changes relative to the non-optimized distances are 4.8 and 5.2 %, 
respectively. The effect of ''SrV  to the crystal structure of SrAl2O4 is much more profound than that 
of ••OV . The average decrease in the Sr-O distances for the nearest-neighbor Sr
2+ ion due to ••OV  
is 0.034 Å (1.2 %). These values are in good agreement with the local modifications induced by the 
introduction of ''SrV  and 
••
OV  in Sr2MgSi2O7. The Al-O distances were not changed due to the 
introduction of ''SrV  or 
••
OV . 
The total energies of the defect free and ••OV , 
'''
AlV  or 
''
SrV  containing SrAl2O4 material are ca. -432, 
-430, -425 or -345 keV, respectively. Therefore, ••OV  may be formed relatively easily also in SrAl2O4 
due to the reducing atmosphere used in the materials preparation. In addition, the high energy cost of 
the formation of ''SrV  may indicate that a high temperature is required for the evaporation of SrO from 
this material.  
 
4.4. Electronic Structure 
4.4.1. Host Band Structure of Sr2MgSi2O7 
The electronic band structure along a high symmetry path in the first Brillouin zone as well as the 
density of states (DOS) of the non-doped Sr2MgSi2O7 host was calculated as the starting point of the 
DFT studies (Fig. 9) [VII]. The minimum of the conduction band (CB) is located at the origin of the 
Brillouin zone (Γ point) at 4.8 eV above the maximum of the valence band (VB). The maximum of VB 
does not occur at the Γ point but is located instead at the Brillouin zone boundary (Z point) indicating 
an indirect band gap. However, the energy difference of the maximum of VB between the Γ and Z 




Figure 9. Calculated (GGA method) band structure along a high symmetry path in the first Brillouin 
zone (left) and total density of states of Sr2MgSi2O7 (right) (EF: Fermi energy). 
 
The DFT calculations did not provide an absolute measure for the band gap energy (Eg) due to the 
presence of scattered non-zero density of states (DOS) from 4.8 eV above the top of VB 
(Fig. 9) [III,VII]. This might suggest the presence of an intrinsic electron trap even in the defect free 
Sr2MgSi2O7, though no discrete state is found. A significant increase in the DOS appears at 6.7 eV 
(Figs. 9 and 10). This increase may be used as a more reliable measure for the band gap energy 
than the scattered DOS at lower energy. Therefore, the derivative curves of both the excitation 
spectrum and the calculated total DOS were used to obtain accurate and comparable Eg values 
(Fig. 11). The agreement between the experimental (7.1 eV, see also section 4.6.) and calculated 
(6.7 eV) values is very good. The difference of 0.4 eV is not important when the experimental 
uncertainties are taken into account. Generally, the discrepancy amounts to 1 eV or more [50,55]. 
 























































Figure 10. Calculated (GGA method) density of states of the non-doped Sr2MgSi2O7 with the UV-VUV 











































































Figure 11. Derivative curves of the calculated (GGA method) DOS of Sr2MgSi2O7 and the UV-VUV 
excitation spectrum of Sr2MgSi2O7:Eu2+ at 10 K (λem: 470 nm, the arrows indicate Eg). 
 
The valence band of Sr2MgSi2O7 has mainly the O(2p) character (Figs. 10 and 12) [III,VII]. The 
DOS originating from the oxygen in the O3 site are distributed evenly across the main VB between 0 
and 5 eV below the Fermi level. The bottom and top of the VB have a pronounced oxygen character 
originating from the oxygen in the O1 and O2 sites, respectively. The lower part of the conduction 
band from 7 to 13 eV consists mostly of the Sr(4d) states. The maximum density of the Mg and Si 
states as well as the Sr(5p) states is located deep (above 11 eV) in the conduction band (Fig. 10). 
These results indicate that the introduction of ••OV  does not have a significant effect on the conduction 
band. In addition, ''MgV  and 
''''
SiV  would not have an effect on the lower part of CB. 
 
 
Figure 12. Calculated (GGA method) band structure of Sr2MgSi2O7 including the states with strontium 











4.4.2. Host Band Structure of SrAl2O4 
For the non-doped SrAl2O4 material, the Eg value of 6.4 eV was obtained from the derivative 
curve [II]. The agreement between the experimental (6.6 eV) and calculated values is very good and 
the difference of 0.2 eV is insignificant. This shows a considerable improvement to an earlier 
theoretical GGA approach [55], where a largely underestimated Eg value of 4.5 eV was reported 
for SrAl2O4. A local maximum in the DOS is found at ca. 1.5 eV below CB (Fig. 13). This may indicate 
the presence of an intrinsic shallow electron trap which exists even without the introduction of any 
defects in this material. 
 





















































Figure 13. Calculated (GGA method) density of states and the UV-VUV synchrotron radiation 
excitation spectrum (at 10 K, λem: 320 nm) of the non-doped SrAl2O4. 
 
According to the DFT calculations, the valence band of SrAl2O4 has mainly the O(2p) character, 
whereas the bottom of the conduction band consists mostly of the Sr states (Fig. 13) [II]. Most of the 
Al DOS is located deep in the conduction band. The structure of the valence and conduction band as 
well as the Eg value did not change from the non-doped SrAl2O4 whether the optimized or non-
optimized crystal structures of the Eu2+ doped material were used (Fig. 14). 





































Energy / eV  
Figure 14. Calculated density of states of the non-optimized SrAl2O4 (GGA) and non-optimized as 
well as optimized SrAl2O4:Eu2+ (GGA+U method, U: 7.62 eV) without the Eu2+ 4f7 8S7/2 ground state. 
 34 
4.4.3. 4f7 Ground State of Eu2+ 
The Eu2+ doping did not change the Eg value in Sr2MgSi2O7 [III] or SrAl2O4 [II,IV]. Eg was found to 
be independent of the Coulomb repulsion strength (U was varied in the range of 4.35-7.62 eV) and of 
structure optimization. In addition, Eg did not change with the introduction of Eu2+ in the Sr1 or Sr2 
site in SrAl2O4. A local maximum of DOS is found at ca. 1.5 eV below CB for both Sr2MgSi2O7:Eu2+ 
and SrAl2O4:Eu2+ (Fig. 15) [II-IV]. The electron trap corresponding to this maximum may help to 
explain the persistent luminescence observed from the disilicate and aluminate materials even 
without the R3+ co-doping. 
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Figure 15. Dependence of the calculated (GGA+U method, U: 4.35-7.62 eV) density of states of the 
non-optimized Sr2MgSi2O7:Eu2+ and SrAl2O4:Eu2+ (Eu2+ in the Sr1 site) on the Coulomb 
repulsion strength. 
 
The position of the 4f7 8S7/2 ground state of Eu2+ plays a major role in the persistent luminescence 
processes since both the 4f7 → 4f65d1 photoexcitation and the 4f65d1 → 4f7 photoemission of Eu2+ 
involve this state. The position of the 4f7 ground state can be experimentally determined when the 
Eu3+ charge transfer (CT) energy is known. However, there always remains an uncertainty of 
ca. 0.5 eV due to the broad band nature of the CT absorption. Similar CT energy values have been 
observed for europium in the disilicate or aluminate materials (5.0 and 4.9 eV for Sr2MgSi2O7:Eu3+ 
[192] and CaAl2O4:Eu3+ [14], respectively). This transition energy is approximately the same as the 
energy difference between the top of VB and the 4f7 ground state of the Eu2+ ion [15] locating it in the 
energy gap. 
The occupied (majority spin) Eu2+ 4f7 ground state lies in the energy gap of both the Sr2MgSi2O7 
[III] and SrAl2O4 [II,IV] host irrespective of the value of the Hubbard parameter used in the DFT 
calculations (Fig. 15). The basic requirement for the successful calculation of the electronic structure 
of the Eu2+ doped disilicate and aluminate materials was thus fulfilled.  
The dependence of the 4f7 ground state energy on U is linear, with this state located closer to the 
valence band for the higher U values (Fig. 16) [II,III]. The calculated energy difference between the 
top of VB and the 4f7 ground state position of Eu2+ is 2.3-3.6 and 2.7-3.7 eV for Sr2MgSi2O7:Eu2+ and 
SrAl2O4:Eu2+, respectively. The 4f7 ground state positions are underestimated by ca. 2 eV when 
compared to the experimental CT values. However, the experimental CT energy may significantly 
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overestimate the 4f7 position due to its relaxation after the CT absorption. Nevertheless, the strong U 
dependence provides a challenge in determining the absolute position of the 4f7 ground state since a 
reliable calculation of the U parameter (and J, too) value was not found possible with the present 
DFT studies. 
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Figure 16. Calculated (GGA+U method, U: 4.35-7.62 eV) energy difference of the occupied Eu2+ 4f7 
ground state to the valence and conduction bands in the non-optimized Sr2MgSi2O7:Eu2+ (CB bottom 
edge defined using Eg: 7.1 eV) and SrAl2O4:Eu2+ (Eg: 6.6 eV, Eu2+ in the Sr1 site). 
 
The position of the occupied Eu2+ 4f7 ground state of Sr2MgSi2O7:Eu2+ was identical when 
calculated with the GGA+U and LDA+U method (Fig. 17). This indicated that both these methods are 
able to describe the strongly correlated 4f electrons of Eu2+ with sufficient accuracy. The agreement 
between the calculated and experimental Eg values was better with the GGA+U (6.7 eV, 
cf. previous section) than with the LDA+U method (6.4 eV). The GGA(+U) method was thus used 
instead of LDA(+U) in further calculations. 
 









































The effect of the structure optimization and the introduction of the spin-orbit coupling in the 
calculation of the Eu2+ doped Sr2MgSi2O7 material was studied [III]. The Eu2+ 4f7 8S7/2 ground state is 
located only 0.15 eV higher in the optimized than the non-optimized structure (Fig. 18). Inclusion of 
the spin-orbit coupling leads to the broadening and splitting of the occupied Eu2+ 4f7 ground state. 
However, neither the general structure of the valence and conduction bands nor the band gap energy 
is changed. The width of the 4f7 8S7/2 ground state is 0.7 and 0.2 eV with and without spin-orbit 
coupling, respectively. This is not in agreement with experimental results since the splitting of the 
Eu2+ 4f7 ground state (8S7/2) is almost negligible (less than 1 cm-1 (0.1 meV)). The reason for such a 
strong broadening and splitting given by the DFT calculations remains presently unclear. The 
unoccupied (minority spin) Eu2+ 4f7 states rise high into the conduction band and are broadened due 
to the hybridization with the conduction band states (Fig. 15). The influence of spin-orbit coupling is 
thus not so pronounced for the unoccupied states. 
 



































Figure 18. Calculated (GGA+U method, U: 7.62 eV) density of states of the non-optimized and 
optimized Sr2MgSi2O7:Eu2+. 
 
The discrete unoccupied state is found at the same energy as for the non-doped material 
(cf. section 4.4.2) with the introduction of the Eu2+ ion. Such electron traps may help to explain the 
persistent luminescence observed from the disilicate and aluminate materials even without the R3+ 
co-doping. The luminescence spectrum of SrAl2O4:Eu2+ due to the Eu2+ 4f65d1(2D)→4f7(8S7/2) 
transitions consists of two bands centered at 445 and 520 nm (2.79 and 2.38 eV, respectively) at low 
temperature (20 K) [193, Fig. 1]. Only one band at 520 nm is observed at RT, however, suggesting 
thermal quenching of the high energy emission. The energy of these bands depends on the Eu2+ 4f7 
and 4f65d1 ground state energies. First, the effect of the 4f7 energy was studied. According to the 
calculated SrAl2O4:Eu2+ [IV], the 4f7 ground state at the Sr2 site was found at a slightly higher energy 
(∆Ecalc(4fn, Sr2/Sr1): 0.09 eV) than at Sr1 using a constant U value (Fig. 19). 
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Figure 19. Calculated (GGA+U method, U: 7.62 eV) density of states of the optimized SrAl2O4 with 
Eu2+ in the Sr1 and Sr2 sites. 
 
A calculated difference in U (∆Ucalc(Sr2/Sr1): 0.31 eV) which corresponds to ∆Ecalc(4fn, Sr2/Sr1) 
was obtained using the linear dependence of the 4f7 energy on U (Fig. 16). Different Eu-O distances 
for the two Sr sites (average difference ∆rcalc(Sr2/Sr1): 0.008 Å) were found (IV, Table 1). The ratio 
∆rcalc(Sr2/Sr1)/∆Ucalc(Sr2/Sr1): 0.026 Å/eV was chosen to describe the dependence of the Coulomb 
repulsion strength U on the changes in the electron repulsion with changing Eu-O distances. 
However, this dependency is not necessarily linear.  
The energy difference of 0.41 eV between the two luminescence bands corresponds to 
∆Ucalc(Sr2/Sr1) of 1.39 eV (Fig. 14). Using the ratio above, this U difference is created by a difference 
of 0.036 Å (ca. 1.4 % relative to the original distance) in the Eu-O distances of the two sites. This 
difference should thus be enough to shift the Eu2+ 4f7 ground state by 0.41 eV and it is similar to the 
changes obtained due to structural optimization. These results indicate that the two bands may 
originate also from the two Sr sites. However, the Eu2+ 4f65d1 ground state has to be determined to 
solve the origin of the luminescence bands (cf. section 4.4.5.). 
 
4.4.4. 4f65d1 Ground State of Eu2+ in Sr2MgSi2O7 
The DFT calculations provide important theoretical evidence on the position of the Eu2+ 4f65d1 
ground state. The 4f65d1 electron configuration (the 2D level) should be split into five components by 
the crystal field of low symmetry (C1 in Sr2MgSi2O7) [194]. The total energy span of the 4f65d1 levels 
is close to 25 000 cm-1 (3.1 eV) in oxides as in Sr2MgSi2O7. Therefore, some of these levels are 
located within CB. The calculated states within and close to the bottom of CB of Sr2MgSi2O7:Eu2+ 
possess significant Eu2+ 5d character which provides theoretical verification for the empirical model of 
persistent luminescence [16]. The lowest state with distinct Eu2+ 5d character is located at ca. 0.8 eV 
below CB (Fig. 20). These results confirm that the 4f65d1 states are located – at least partly – in CB 
and the escape of the excited electrons to CB is possible also with relatively low excitation energies. 
Therefore, an efficient excitation is obtained even without UV radiation. The radiation is thus stored to 
charge the persistent luminescence. 
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Figure 20. Calculated (GGA+U method, U: 7.62 eV) density of the Eu2+ 4f65d1 states of the non-
optimized and optimized Sr2MgSi2O7:Eu2+. 
 
The energy difference between the 4f7 and the 4f65d1 ground stated can be approximately 
deduced from experiments when the energy of the luminescence band due to the 
4f65d1(2D) → 4f7(8S7/2) transition of Eu2+ is known. Such luminescence band in the Sr2MgSi2O7:Eu2+ 
material is observed at 470 nm (2.6 eV) [195]. The corresponding calculated 4f65d1-4f7 energy 
difference is 3.8 eV (U: 7.62 eV) with the optimized structure. This should be considered as an 
approximated value since the fixing of the 5d occupation was not feasible with the DFT calculations. 
Therefore, the states with a distinct 5d character were used to estimate the 4f65d1 energies. In 
addition, the experimental value underestimates the energy difference due to the relaxation of 4f7 
after the emission which results in a better agreement. The exact amount of especially the 4f 
relaxation energy depends on the appropriate host lattice and cannot be calculated or obtained from 
the experimental data but can be estimated to less than 5 000 cm-1 (0.62 eV). 
 
4.4.5. 4f65d1 Ground State of Eu2+ in SrAl2O4 
The Eu2+ 4f65d1 ground state has to be studied in detail to study the origin of the two luminescence 
bands of SrAl2O4:Eu2+ (cf. section 4.4.3.) at low temperature. Luminescence is usually observed only 
from the Eu2+ 4f65d1 ground state since the higher states are easily relaxed to the 4f65d1 ground state 
located below the bottom of CB. On the other hand, luminescence from a higher Tm2+ 4f125d1 state 
has been reported [196,197] and it is not excluded that Eu2+ may exhibit the same kind of unusual 
low temperature luminescence due to the absence of high energy lattice vibrations. The calculated 
4f65d1 DOS of SrAl2O4:Eu2+ (Fig. 21) shows more than one 4f65d1 state below CB which is a 
requirement essential for luminescence to be observed from a higher 5d state [IV]. 
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Figure 21. Calculated (GGA+U method, U: 7.62 eV) density of the Eu2+ 4f65d1 states of the optimized 
SrAl2O4:Eu2+ with Eu2+ in the Sr1 and Sr2 sites. 
 
Furthermore, the 4f65d1 DOS located slightly (0.1-0.2 eV) below the bottom of CB is significantly 
higher than the one located at ca. 0.6 eV below CB (Fig. 21) [IV]. The energy difference of 0.4-0.5 eV 
between these states corresponds very well to the experimentally observed energy difference 
of 0.41 eV between the luminescence bands. Luminescence may therefore be observed from both 
the ground (corresponding to λem: 520 nm) and a higher (445 nm) 4f65d1 state at low temperature 
resulting in two bands (Fig. 22, right). As discussed above (cf. section 4.4.3.), these bands might also 
be due to Eu2+ luminescence from the two Sr sites. In this case, an efficient energy transfer (ET) 












Figure 22. Luminescence processes of SrAl2O4:Eu2+ at 20 and 295 K, luminescence from two sites 








































4.4.6. 4fn Ground State of R2+/3+ 
The 4fn and 4fn-15d1 ground state energies of the R2+ ( xSrR ) and R
3+ ( •SrR ) ions in the band 
structure of Sr2MgSi2O7 have been estimated using the empirical model [16,17]. However, the 4fn 
ground state positions obtained by this model include a systematic error which is assumed to be of 
the order of 0.5 eV [15] (cf. section 1.). Therefore, the DFT calculations provide a very good 
alternative to determine the R2+/3+ energies in a solid host. In contrast, the R3+ (in very limited cases 
also R2+) 4fn ground and excited states’ properties (e.g. energy) can be calculated to very high 
accuracy using semiempirical simulation techniques [e.g. 198]. The use of the density functional 
theory (DFT) ab initio methods on the rare earth systems has been restricted to only a few R3+ (R: 
Sm, Eu, Er, Tm) doped in simple hosts as e.g. AlN [7], SiC [8], and GaN [9] (Table 3, section 2.3.). 
The present calculations indicate that, as a result of the R2+/3+ doping, additional 4fn and 4fn-15d1 
states were introduced in the Sr2MgSi2O7 band structure (Fig. 23). Especially, the band structure 
close to the bottom of CB was modified (cf. section 4.4.7.). The characteristic trend for the R3+ 
(also R2+) 4fn ground state energies is understood based on the differences in e.g. the ionization 
energies. The energy is the highest when the 4f shell is filled (n: 14) or half filled (n: 7) due to the 
electron spin pairing and lowest for n: 1 and 8 [199,200]. According to the empirical model, this trend 
is important since it is rather independent of the host lattice [15]. All the R3+ (R2+) 4fn ground states 
can thus be located in the host band structure if the 4fn ground state energy of one R3+ (R2+) 
ion is known. 
 






























































Figure 23. Calculated (GGA method) band structure of selected Sr2MgSi2O7:R (R2+: left; R3+: right; 
R: Eu-Ho).  
 
The calculated trend in the R3+ 4fn ground states matches well with the characteristic empirical 
trend (Figs. 23 and 24). Also, the 4fn ground state energies relative to VB agree well with the values 
derived from the empirical model [15,17] as illustrated by e.g. the calculated Ce3+ 4f1 ground state 
locating at 2.9 eV above VB (empirical model: 3.6 eV). The minor differences between the calculated 
and empirical trend and energy for the R3+ 4fn ground states are probably due to the insufficient 
handling of the electron spin pairing by the GGA method and to the experimental inaccuracies. The 
DFT results suggest that at least Ce3+, Pr3+ and Tb3+ are able to act as hole traps in Sr2MgSi2O7 
since the energy difference between the top of VB and the R3+ 4fn ground state determines this 
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ability. This information is, of course, given by the conventional wisdom since only these R3+ ions can 
achieve easily the stable RIV oxidation state. Nevertheless, the hole traps are not relevant for the 
persistent luminescence mechanism of the Eu2+ doped materials since the electrons act as the 
charge carriers in e.g. Sr2MgSi2O7:Eu2+ (cf. section 4.4.3.). 
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Figure 24. Calculated (left, GGA method) and experimental (right) R2+/3+ (R: La-Lu) 4fn and 4fn-15d1 
ground state energies in Sr2MgSi2O7. 
 
The experimental trend in the R2+ 4fn ground state energies is reproduced well for the both ends of 
the R2+ series (R2+: Ce2+-Eu2+ and Tb2+-Yb2+) (Fig. 24). However, a significant difference was found 
between the calculated and empirical trends when the entire R2+ series is considered. The energy 
difference between the La2+ and Yb2+ 4fn ground state energies is 9.1 (calculated) and 4.7 eV 
(empirical). The DFT calculations may thus indicate that the trend in the R2+ ground state positions is 
not entirely independent of the host lattice. The accuracy of the prediction of the R2+ state positions is 
extremely important in the Eu2+,R3+ doped persistent luminescence materials since the ability of the 
R3+ co-dopant to act as an electron trap can be estimated from the energy difference between the 
bottom of CB and the R2+ 4fn ground state (process A shown for Tm, hole trapping process B for Pr, 
Fig. 24) [15].  
The La2+ 4f1 ground state energy obtained from the empirical model (3.1 eV within CB) is quite 
accurately reproduced by the DFT calculations (2.5 eV) (Fig. 24). The calculated 4fn ground state 
energies of other R2+ (Ce2+-Yb2+) ions in Sr2MgSi2O7 are located closer to VB than estimated by the 
empirical model. The calculated 4fn energy difference between the R2+ and R3+ ions corresponding to 
the electron affinity for the same element (∆E(4fn, R2+/3+): 2.4-4.7 eV) is underestimated from the 
values (5.2-6.8 eV for Sr2MgSi2O7) obtained using the empirical model [15,17]. It would be very 
important to study further whether or not the variation of the energy difference ∆E(4fn, R2+/3+) on the 
inorganic host material is small enough for this parameter to be considered as host independent. If 
this is indeed the case, all the R2+ and R3+ 4fn ground states can be obtained from the known trends 
and their energy differences using only a single experimental point (e.g. charge transfer of Eu3+). 
The R3+ charge transfer (CT) energies can be derived from the energy difference between VB and 
the 4fn ground state position of the R2+ ion (process C, Fig. 24). The calculated CT energies 
(e.g. Eu3+: 1.0 (calculated), 5.0 eV (experimental)) are largely underestimated due to the R2+ 4fn 
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ground states locating too low relative to CB. The reason(s) for this discrepancy remains unclear. 
Preliminary studies using the GGA+U method for selected R2+/3+ (e.g. Gd3+) to better describe the 
strongly correlated 4f electrons have already been carried out. 
 
4.4.7. 4fn-15d1 Ground State of R2+/3+ 
According to the empirical model [15], the 4fn-15d1 ground state for the R2+ (also R3+) ions are 
found at approximately the same energy irrespective of the rare earth. This host independent trend is 
well reproduced by the calculations (Figs. 24 and 25). Moreover, the 4fn-15d1 ground states are 
located at ca. 0.7 (R2+) and 1.2 eV (R3+) below the bottom of CB of Sr2MgSi2O7 which is in good 
agreement with the empirical model (ca. 0.2 and 0.9 eV below CB, respectively). The energy 
difference between the R2+ and R3+ series (∆E(4fn-15d1, R2+/3+): 0.5 eV) is only slightly lower than the 
empirical value (0.7 eV). The empirical model predicts a slight increase of ca. 0.5 eV in the 4fn-15d1 
ground state energy when moving to the heavier rare earths in the R2+/3+ series (Fig. 25). This 
increase, however, is not reproduced by the DFT calculations. 
 


































































Figure 25. Calculated (GGA) 4fn-15d1 states for selected Sr2MgSi2O7:R (R2+: left; R3+: right; R: Eu-Ho).  
 
The doping with R2+/3+ results in the creation of some almost discrete unoccupied states without 
distinct 5d character just below CB (Fig. 25). These states may indicate the creation of shallow 
electron traps which increases the persistent luminescence intensity and/or duration. These results 
suggest that the role of the (co-)doping R2+/3+ ions in the persistent luminescence materials may be 
even more versatile than reported earlier, in addition to adding new defects and/or modifying the 
depths of the existing ones. 
The calculated R2+/3+ 4fn and 4fn-15d1 ground states in the Sr2MgSi2O7 band structure 
(Figs. 24 and 25), in combination with the wide band gap of Sr2MgSi2O7 (cf. section 4.4.1.), confirm 
the role of electrons as the charge carriers responsible for persistent luminescence in the materials 
doped not only with Eu2+ but also with Ce3+ and Tb3+ since the excitation energy raises the electron 
close to the bottom of or in CB. The electron trapping also takes place close to CB as the electron 
traps have traditionally been assumed to do. In addition, the energy cost of releasing a hole (h+) from 
Eu2+ in its excited 4f65d1 state has been shown to be much too high for the hole to be considered as 
a possible effective charge carrier in these systems [201]. 
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4.4.8. Isolated Defects 
The effect of the isolated vacancies on the electronic structure of the Sr2MgSi2O7 and SrAl2O4 
materials was studied next [V,VII]. The introduction of one strontium vacancy in the normal unit cell of 
Sr2MgSi2O7 and SrAl2O4 results in an increase (ca. 0.4 eV) in the Eg value (Figs. 26 and 27), possibly 
due to the predominantly Sr character of the bottom of CB (cf. section 4.4.1.). A discrete ''SrV  state is 
located at ca. 1 eV below the bottom of CB possibly acting as a shallow electron trap in Sr2MgSi2O7 
and SrAl2O4. The number of the ''SrV  traps is radically increased due to the charge compensation 
when R3+ replaces Sr2+. Some R3+ have been observed to greatly enhance the persistent 
luminescence while some others have a detrimental effect [e.g. 14]. In addition to the introduction of 
new electron traps with the R3+ co-doping, the modification of the present ones is possible. The 
introduction of ''''SiV  in Sr2MgSi2O7 creates some nearly continuous density of unoccupied states 
extending to ca. 2 eV below the bottom of CB, whereas ''MgV  does not change the electronic structure 
close to CB. A deep electron trap at 3.8 eV below CB is created by '''AlV  in SrAl2O4 (Fig. 27). 
 


























Figure 26. Calculated (GGA method) density of states of the optimized Sr2MgSi2O7 with 
isolated defects. 
 























Figure 27. Calculated (GGA method) density of states of the optimized SrAl2O4 with strontium, 
aluminium and oxygen vacancy in the Sr1, Al1 and O1 sites, respectively. 
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The introduction of an isolated oxygen vacancy in Sr2MgSi2O7 and SrAl2O4 results in the creation 
of substantial density of unoccupied states close to the bottom of CB (Figs. 26-28) [V,VII]. These ••OV  
states indicate the presence of a high number of shallow electron traps. The ••OV  states 
corresponding to the deepest traps which may still be available for persistent luminescence are 
located at ca. 1.8 eV below CB. However, the very shallow electron traps created by ••OV  closest to 
CB can be bleached with a significantly low amount of thermal energy. The experimentally observed 
rapid initial weakening of persistent luminescence [202] can be explained by the easy release of 
electrons from the traps closest to the conduction band. The experimental verification of the very 
shallow electron traps would require e.g. the thermoluminescence studies to be carried out at 
low temperatures. The introduction of ••OV  in the O1 site creates slightly (ca. 0.1 eV) deeper traps 
compared to the O2 and O3 site (Fig. 28). The differences between the oxygen sites were reflected 
also by the structure optimization (cf. section 4.3.2.). 
 




































Figure 28. Calculated (GGA method) density of states of the optimized Sr2MgSi2O7 with oxygen 
vacancy in the different oxygen sites. 
 
Additional oxygen vacancy states are located at 5-6 eV below CB indicating the presence of deep 
electron traps in the Sr2MgSi2O7 and SrAl2O4 hosts (Figs. 26-28) [V,VII]. However, electrons in these 
deep traps are not available for the persistent luminescence due to the high amount of energy 
required to bleach the traps. The effect of the defect concentration on the calculated trap structure of 
Sr2MgSi2O7 was studied, as well. No significant changes were found in the electronic structure 
whether the high (normal unit cell: 7 %) or low (2x2x2 supercell: 1 %) defect concentration was used 
for ••OV  in Sr2MgSi2O7 (Fig. 29). The deepest trap still available for persistent luminescence is shifted 
(ca. 0.3 eV towards VB) with the lowering defect concentration. The change from normal cell to the 
supercell had no effect on the host band structure. 
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Figure 29. Calculated (GGA method) density of states of the optimized Sr2MgSi2O7 with oxygen 
vacancy in the O1 site in the normal unit cell (7 % defect concentration) and the 
2x2x2 supercell (1 %). 
 
Strontium, magnesium, silicon and aluminium vacancies create traps slightly (ca. 0.1, 0.1, 0.2, 
and 0.1 eV, respectively) above the top of the valence band of Sr2MgSi2O7 and SrAl2O4, as well 
(Figs. 26 and 27) [V,VII]. These states indicate the presence of shallow hole traps in the material, 
though a very efficient hole transfer between these shallow hole traps and VB is expected at room 
temperature. The almost negligible difference between the electronic structures of ''SrV  located in the 
Sr1 or Sr2 site of SrAl2O4 highlights the similarity of these two sites (Fig. 30). No significant role for 
the hole traps in the persistent luminescence of the Eu2+ doped materials is expected, though. 
 






























Figure 30. Calculated (GGA method) density of states of the optimized SrAl2O4 with strontium 





4.4.9. Defect Aggregates 
The interactions between the defects need to be accounted for in the DFT calculations since even 
very short distances between them may occur rather frequently in the material. This is due to the 
relatively high total concentration of the defects (due to high charging capasity of the materials) as 
well as the creation of the defect pairs and other defect aggregates induced by the charge 
compensation. Electrostatic interactions favor aggregation, too. The modification of the vacancy 
induced traps due to the presence of the Eu2+ luminescent centre as well as due to the co-doping R3+ 
ion is expected to have an important effect on the persistent luminescence efficiency. The detailed 
analysis of the thermoluminescence glow curves has indicated such features in the trap 
structure [14,V]. 










OV ) were used to study the effect of the 
interactions between the defects on the electronic structure of Sr2MgSi2O7 with the DFT 
calculations [VII]. The strontium vacancy was introduced at the closest possible distance (4.22 Å) 
from the Eu2+ ion, whereas the oxygen vacancy and Eu2+ were introduced at different distances in the 
Sr2MgSi2O7 lattice. To facilitate the task, the calculated (GGA method) energy of the Eu2+ 4f7 ground 
state at 2.5 eV above the top of VB for the xSrEu +
''
SrV  pair is similar to the isolated Eu
2+ ground state 
position calculated using the GGA+U method (cf. section 3.5.). 
The xSrEu +
''




OV  pairs create an almost continuous density of unoccupied states 
extending to ca. 2 eV below the bottom of the conduction band (Fig. 31) [VII]. This indicates that the 
interactions between the Eu2+ luminescent centre and ''SrV  as well as 
••
OV  indeed modify the electron 
traps created by the isolated defects. Therefore, they may have a significant effect on the energy 
storage efficiency as well as the intensity and duration of persistent luminescence. The density of the 
unoccupied states created by a xSrEu +
••
















OV  pairs. In addition, several states are created above the top of VB 
significantly decreasing the band gap which effect cannot be explained at present. 
 



























Figure 31. Calculated (GGA and GGA+U methods, U: 7.62 eV) density of states of the optimized 
Sr2MgSi2O7 with defect pairs ( ''SrV +
••








SrV : 1x1x2 supercell). 
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The interaction between the Eu2+ ion and ••OV  lowers the energies of both the Eu
2+ 4f7 ground state 
and the deep ••OV  state (Fig. 32, see also Fig. 26) [VII]. A decrease of approximately 0.2 eV when 
x
SrEu  and 
••
OV  are located as the nearest neighbors (distance: 2.6-2.8 Å) when compared to the 
position of the corresponding isolated defects. A less significant decrease (ca. 0.1 eV) is found when 
the distance between Eu2+ and ••OV  is increased (5 to 7 Å). However, the modified trap structure 
created close to the bottom of CB by the xSrEu +
••
OV  pair remains similar despite the distance between 
the defects is changed. These results confirm that the interaction between Eu2+ and ••OV  exists at 
relatively long distances in the Sr2MgSi2O7 host. The interactions at even longer distances between 

































































Eu2+-VO (O1) distance: 
 
Figure 32. Calculated (GGA+U method, U: 7.62 eV) density of states of the optimized Sr2MgSi2O7 
with Eu2+ located at different distances from ••OV  in the O1 and O3 sites in the 1x1x3 supercell. 
 
The electron density originally bonding the Eu2+ and O2- ions moves towards the Eu2+ centre when 
this O2- ion is replaced by a vacancy [VII]. In addition, the Eu-O distances of the remaining O2- ions 
surrounding the Eu2+ centre are decreased due to the introduction of ••OV  (Table 7) as an indication of 
reduced ligand repulsion. The Eu2+ 4f7 ground state shifts to a lower energy due to the increased 
Eu2+ 4f electron repulsion when ••OV  is introduced as the nearest neighbor of Eu
2+ (Fig. 32). This 
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effect is similar to the shift of the 4f7 ground state towards the valence band with increasing Coulomb 
repulsion strength (Hubbard parameter U, cf. section 4.4.3.). The increase in the electron repulsion at 
the Eu2+ centre as well as the decrease in the Eu-O distances at the centre is less significant when 
••
OV  is located at longer distances from Eu




Thermoluminescence (TL) provides a powerful tool to obtain the experimental trap energy 
structure of the polycrystalline materials (co-)doped with the rare earth ions. However, the nature of 
the traps remains mostly unknown. The TL glow curve of Sr2MgSi2O7:Eu2+ consists of a strong band 
centered at 85 °C and weak bands at 155 and 215 oC (Fig. 33) [V,VI]. The temperature of the 
strongest TL band is known to be very suitable for promoting the thermally stimulated (i.e. persistent) 
luminescence at room temperature. In contrast, the deepest electron trap corresponding to the weak 
band at above 200 oC is probably too deep for efficient release of trapped electrons to the conduction 
band at RT. The rather inefficient (and slow) tunneling may be then the only way to empty the deep 
traps. The electrons in the deep trap may lead to photostimulated luminescence, but they are not 
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Figure 33. Thermoluminescence (TL) glow curve of Sr2MgSi2O7:Eu2+ analyzed with the deconvolution 
method [177,178]. 
 
A similar strong TL band at 85 oC along with a weaker band at 105 oC was observed in 
Sr2MgSi2O7:Eu2+,Dy3+ (Fig. 34) [VI]. The release of the electrons from the deeper trap corresponding 
to the band at 105 oC is not too fast at RT which is essential for ensuring the long duration of 
persistent luminescence. However, the release of the electrons remains efficient since the trap is 
sufficiently close to the conduction band. The requirement of strong luminescence combined with 
good energy storage at RT due to the shallow and deep traps, respectively, is very well met with the 
Eu2+,Dy3+ co-doping. The TL band of Sr2MgSi2O7:Eu2+,Dy3+ at 105 oC was much stronger compared 
to the high-temperature bands of the Eu2+ doped material indicating a significantly stronger persistent 
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luminescence. However, this may also be due to an artefact due to the short irradiation time favoring 
the filling of shallow traps only.  The weak bands observed at above 150 oC for the Eu2+ doped 
material do not appear in the glow curve of the Eu2+,Dy3+ co-doped material probably due to the 
modification of the defect structure. These bands may also be too weak relative to the strongest band 
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Figure 34. Thermoluminescence (TL) glow curve of Sr2MgSi2O7:Eu2+,Dy3+ analyzed with the 
deconvolution method [177,178]. 
 
The lattice defects as ''SrV   and 
••
OV  may play a major role in the origin of the TL band of the 
materials [VI]. Both isolated lattice defects and defect aggregates (e.g. •SrDy  - 
''
SrV  - 
•
SrDy  and      
•
SrDy  - 
''
iO ) have to be considered as possible electron and hole trapping sites. In addition, the Dy
3+ 
co-doping induces the creation of additional defects in the Sr2MgSi2O7 host (cf. section 4.2.) thus 
strongly enhancing the persistent luminescence intensity and duration. The exact interactions within 
the different defect aggregates present in the doped materials are very challenging to determine 
using experimental methods. 
As a result of the deconvolution procedure, a good agreement between the trap depths and the TL 
peak temperatures was obtained [V,VI]. The energy of the shallowest trap was 0.70 and 0.63 eV 
below CB for the Eu2+ doped and Eu2+,Dy3+ co-doped material (Fig. 35), respectively. The width of 
the energy distribution of the traps is 0.40 and 0.35 eV, respectively. The difference between the 
experimental trap structure of the Eu2+ doped and Eu2+,Dy3+ co-doped materials suggests smaller 
differences in the intensity and duration of persistent luminescence than the experimentally observed 
differences extending up to several orders of magnitude in both aspects [202]. However, significant 
differences in the observed persistent luminescence properties are expected since the persistent 


































Figure 35. Trap structure obtained from the TL data for Sr2MgSi2O7:Eu2+(,Dy3+) and calculated with 
DFT (GGA(+U) method). 
 
The experimentally derived traps are in the same energy range as the trap structure obtained 
using the DFT calculations though the calculated energy distribution (e.g. Eu2+: 1.0 eV) is broader 
(Fig. 35). A good agreement was found for the main trap with a depth of 0.6-0.7 eV. Shallower traps 
were also found using DFT and their presence has been confirmed experimentally since in some 
cases the R3+ co-doping is suppressing the persistent luminescence [e.g. 14]. The exact 
interpretation of the experimental trap depths is difficult since the broad TL bands may include 
contributions from electron traps created by the different isolated defect and defect aggregate 
species which are present in the material. 
 
4.6. Conventional Eu2+ luminescence 
The conventional luminescence spectra of the Sr2MgSi2O7:Eu2+(,Dy3+) materials excited to the 
conduction band by synchrotron radiation (λexc: 160 nm (7.75 eV)) at 9 K are characterized by a 
strong band centered at 472 nm (2.63 eV) due to the 4f65d1(2D)→4f7(8S7/2) transition of Eu2+ 
(Fig. 36) [VI]. The emission band is asymmetric probably due to superimposed luminescence band(s) 
at lower energy originated from the Sr3MgSi2O8:Eu2+ (λem: 482 nm (2.57 eV) [203]) minor impurity 
phase. The luminescence weakens due to Dy3+ co-doping because of the energy stored in the trap(s) 
created by the isolated lattice defects and/or defect aggregates. The electrons are trapped 
permanently at 9 K due to insufficient thermal energy available to bleach the traps. 
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Figure 36. Synchrotron radiation excited (λexc: 160 nm) emission spectra of the Eu2+ doped and 
Eu2+,Dy3+ co-doped Sr2MgSi2O7 at 9 K (SUPERLUMI, HASYLAB). Inset: comparison to UV excited 
(λexc: 360 nm) emission spectra at 295 K. 
 
The UV excited (λexc: 360 nm (3.44 eV)) luminescence spectra of the Sr2MgSi2O7:Eu2+(,Dy3+) 
materials show a band centered at 466 nm (2.66 eV) at room temperature (Fig. 36, inset) [VI]. The 
small increase of 0.038 eV in the band energy compared to the synchrotron radiation measurement 
temperature is due to the effect of the crystal field. The crystal field increases due to the shrinking of 
the lattice with decreasing temperature. The crystal field splitting of the Eu2+ 4f65d1 states becomes 
thus more pronounced and the 4f65d1 ground state shifts to lower energy decreasing the band energy 
at low temperature. The luminescence weakened because of co-doping also at RT probably due to 
(permanent) electron trapping. This indicates an efficient energy storage of Sr2MgSi2O7:Eu2+,Dy3+ 
even at RT. The thermal energy available at RT does not bleach the electron traps immediately due 
to the deepening of the traps with the introduction of Dy3+. The decrease in the photoluminescence 
intensity of Sr2MgSi2O7:Eu2+,Dy3+ is thus compensated by the long duration of the persistent 
luminescence when the stored energy is released from the traps. 
The VUV excitation of Sr2MgSi2O7:Eu2+(,Dy3+) results in a transition from VB to CB, whereas the 
UV-vis excitation corresponds to the direct 4f7→4f65d1 excitation of Eu2+ (Fig. 37) [VI]. An accurate Eg 
value is difficult to derive due to the temperature effect and the presence of possible excitonic 
features at the bottom of the conduction band (cf. section 4.4.1.). The spectrum was thus recorded at 
9 K to minimize the temperature effect. The Eu2+ 4f7→4f65d1 transitions appear as four broad bands 
over the energy range from ca. 190 to 330 nm (6.5 to 3.8 eV). In principle, the crystal field splitting of 
the 4f65d1 configuration (cf. section 4.4.4.) should create five main components in the excitation 
spectrum [194]. The weak band at 200 nm (6.2 eV) probably corresponds to excitation to the highest 
4f65d1 state and the excitation to the 4f65d1 ground state is above 330 nm (3.8 eV), the experimental 
limit of the setup. The remaining part of this configuration, namely 4f6, should be visible as a fine 
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structure composed of seven (7FJ) sharper bands [204]. However, neither the main components nor 
the fine structure could be clearly observed due to the strongly overlapping bands. 
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Figure 37. UV-VUV synchrotron radiation excitation spectrum of Eu2+ emission (470 nm) from 
Sr2MgSi2O7:Eu2+ at 9 K (SUPERLUMI, HASYLAB). Delay: integrated: 2 - 190; fast: 2 - 20 and 
slow: 170 - 190 ns. Inset: derivative curve of the excitation spectra. 
 
4.7. Persistent Luminescence Mechanism 
The position of the Eu2+ 4f7 ground state close to the conduction band confirms that electrons act 
as the charge carriers responsible for persistent luminescence in the Eu2+ doped materials 
(cf. sections 4.4.3. and 4.4.7.). The persistent luminescence process of the Sr2MgSi2O7:Eu2+,R3+ and 
SrAl2O4:Eu2+,R3+ materials commences with the 4f7 → 4f65d1 photoexcitation of Eu2+ which is induced 
by blue light or UV radiation (process 1, Fig. 38). The excited electron can escape directly to CB from 
a 4f65d1 state located within CB (2a). It can also escape from a 4f65d1 state below CB with the aid of 
thermal energy (2b) ensuring a broad excitation of persistent luminescence. The Eu2+ ion becomes 
thus either an excited (Eu3+)* species or an excited (Eu2+-h+)* pair. The electron moving quite freely in 
CB is then captured by traps close to the bottom of CB (3). The temperature controlled gradual 
transfer of the electrons from the defects acting as shallow electron traps back to CB takes place at 
room (or, in fact, at any other desired) temperature (4). The release of the trapped electrons is 
followed by their migration (or retrapping) to the luminescent centre through CB for the recombination 
and emission of visible light (5). The retrapping processes may prolong the duration of persistent 
luminescence or lead to energy losses. Direct tunnelling of electrons between the trapping site and 
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Figure 38. Persistent luminescence mechanism of Sr2MgSi2O7:Eu2+,Dy3+. Processes indicated with 
arrows are explained in the text. 
 
The origin of the electron traps can be e.g. the R3+ co-doping (ion), a vacancy or even defect 
aggregates. The R3+ co-dopant may trap an electron from the conduction band thus creating the R2+ 
species [16]. In addition, efficient trapping of electrons by the oxygen vacancies is expected. The 
creation of F+ (or F) color centres has indeed been verified by EPR measurements [205]. The depth 
of the electron traps is essential since too shallow traps are bleached quickly at RT thus reducing the 
duration of persistent luminescence. In addition, a high number of the traps is required to ensure 
efficient energy storage. 
 
5. CONCLUSIONS 
The crystal and microscopic structure as well as as the emission, excitation and 
thermoluminescence properties of the non-doped, Eu2+ doped and Eu2+,Dy3+ co-doped distrontium 
magnesium disilicates (Sr2MgSi2O7:Eu2+,Dy3+) were studied using the XPD, TEM, TL and SR 
luminescence spectroscopy methods. The density functional theory calculations were used to study 
the total energy, structural modifications, host band structure, band gap energy as well as defect 
energies in the Sr2MgSi2O7 and SrAl2O4 hosts. 
The XPD patterns of the Sr2MgSi2O7:Eu2+(,Dy3+) materials prepared with solid state reactions 
indicated that the introduction of the Eu2+ and Dy3+ ions favor the formation of the desired tetragonal 
Sr2MgSi2O7 phase. Sr3MgSi2O8 was also observed as a minor impurity phase. 
Modification of the local structure due to the lattice defects was found using high-resolution TEM. 
Undisturbed crystal planes were frequently observed in the non-doped Sr2MgSi2O7, whilst significant 
discontinuities were more frequently observed for the Eu2+ doped and especially the Eu2+,Dy3+ co-
doped materials. The lattice domains seem to be created by point defects such as Dy3+ and cation 
vacancies which cause discontinuities in the crystal structure. Increased disorder is thus mainly due 
to the charge compensation effects. 
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The differences in the total energies show that the formation of the oxygen vacancy is more 
feasible than the creation of the strontium vacancy. The structural modifications in Sr2MgSi2O7 and 
SrAl2O4 were slightly more pronounced around the Eu2+ centre than in the environment of Sr2+. The 
structural effects induced by the strontium vacancy are more profound than the effect of the other 
vacancies and Eu2+.  
The band gap energy provides the basic data for the determination of the electronic structure. The 
calculated band gaps of Sr2MgSi2O7 and SrAl2O4 agree very well with the ones derived from the 
synchrotron radiation excitation spectra. The valence band of both materials has mainly oxygen 
character, whereas the bottom of the conduction band consists mostly of the strontium states. This 
suggests that the oxygen vacancies do not have a significant effect on the conduction band or on the 
band gap energy, whereas the strontium vacancy increases the band gap. 
The Eu2+ 4f7 ground state energy determines if blue light can be used in addition to UV to produce 
persistent luminescence. This state was located in the energy gap and linearly closer to the valence 
band for the higher Hubbard parameter U values. A careful comparison between the experimental 
and calculated results is necessary to determine the U value since its reliable calculation in these 
hosts does not seem possible. 
The calculations show also that the energy difference between the two luminescence bands 
observed from SrAl2O4:Eu2+ at low temperatures may be explained by luminescence originating 
rather from a higher excited Eu2+ 4f65d1 state than from the two crystallographic Sr sites. 
Both positive and negative effect of the R3+ co-doping for the persistent luminescence has been 
found, though their origin has remained largely unknown. The R2+/3+ 4fn and 4fn-15d1 ground states in 
the Sr2MgSi2O7 band structure were calculated using ab initio methods for the first time. A good 
agreement between the calculations and the empirical model was found for the trends and energies 
of the R3+ 4fn and R2+/3+ 4fn-15d1 ground states. However, the description of the R2+ 4fn ground state 
energies was significantly less successful. 
The determination of the defect and dopant energies in the host is a long-standing problem since 
they are extremely difficult to study experimentally. The calculated results suggest that even without 
the introduction of defects in the material, an intrinsic electron trap exists in the non-doped SrAl2O4 
and possibly also in Sr2MgSi2O7. The Eu2+ centre and the R3+ ions create electron traps in addition to 
the strontium and especially the oxygen vacancies in Sr2MgSi2O7 and SrAl2O4. These trap energies 
are in a suitable range to be bleached by the thermal energy at room temperature. The oxygen 
vacancies form also very shallow electron traps which can decrease the duration of persistent 
luminescence since they are quickly bleached.  
Very deep electron traps which are not expected to be involved in the persistent luminescence (but 
potentially in OSL) were created by the oxygen and aluminium vacancies. Strontium, magnesium, 
silicon and aluminium vacancies create also very shallow hole traps in Sr2MgSi2O7 and SrAl2O4. The 
role of such traps in the persistent luminescence of the Eu2+ doped materials is probably 
not significant. 
The interactions within the defect aggregates were found to modify clearly the traps created by 
both the Eu2+ centre and the vacancies. The modifications induced by the defect aggregation may 
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play a very significant role in the total trap structure since the total number of defects and dopants is 
expected to be high. 
The calculated trap energy range is in agreement with the experimental trap structure of the 
Sr2MgSi2O7:Eu2+(,R3+) materials obtained using thermoluminescence. The shallowest calculated 
traps cannot be compared with the experimental data since they have to be probed using low 
temperature TL measurements. The differences between the calculated and experimental trap 
structures are probably partly due to the modification of the traps by the Eu2+ and/or R3+ ions. A 
perfect agreement with the two trap structures is probably impossible to reach due to the 
simultaneous presence of multiple defect types in the host as well as complex interactions 
between them. 
The combined thermoluminescence, photoluminescence and DFT results suggest that the 
deepening of the electron traps due to the Eu2+,R3+ co-doping combined with the increased number 
of the electron traps results in the efficient energy storage and very long duration and enhanced 
intensity of persistent luminescence from selected Sr2MgSi2O7:Eu2+,R3+ materials. These results 
suggest that the intrinsic and defect based electron traps act together as energy storage sites. The 
trap depths have yet to be carefully determined since they have a significant effect on the persistent 
luminescence efficiency because this process is controlled by minute amounts of thermal energy.  
The DFT calculations are an invaluable asset for the accurate simulation of defects in the solid 
state materials. Further studies using even larger superlattices are still needed to explore the 
modifications in the crystal and electronic host band structure induced by defect aggregates 
consisting of multiple defects. These include the Eu2+ luminescent centre, R2+/3+ co-dopants and 
vacancies as well as interstitial ions. The use of larger lattices will enable a more versatile tailoring of 
the distances between the defects while it is unfortunately limited by the increased computational 
effort. The DFT method can be applied to other rare earth doped materials as well; however, the 
hosts with increasing lattice covalency may be described less accurately than the more ionic ones. A 
more reliable comparison between the calculated and experimental trap structure would also be 
facilitated by a careful optimization of the materials preparation conditions first to obtain single phase 
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